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foreword 





This quarterly review of reactor fuel processing has been prepared at the request of the 
U. S. Atomic Energy Commission, Office of Technical Information. It is intended to assist 
those interested in keeping abreast of important developments in this field. In each Re- 
view it is planned to cover those particular subjects in which significant new results have 
been obtained, The Review does not purport toabstract all the literature published on this 
field during the quarter. Instead it is intended to bring each subject up to date from time 
to time as circumstances warrant. 

Interpretation of results, where given, represents the opinion of the editors of the Re- 
view, who are personnel of the Argonne National Laboratory, Chemical Engineering Divi- 
sion. Those taking part in the preparation of this issue are J. Barghusen, L. Burris, Jr., 
A. A. Chilenskas, I. G. Dillon, P. Fineman, J. Fischer, A. A. Jonke, S. Lawroski, W. J. 
Mecham, J. Royal, J. H. Schraidt, W. B. Seefeldt, V. G. Trice, and R. C. Vogel. The 
reader is urged to consult the original references for more complete information on the 
subject reported and for the interpretation of results by the original authors. 


S. LAWROSKI 
Director, Chemical Engineering Division 
Argonne National Laboratory 
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COMMERCIAL ASPECTS 


| OF FUEL PROCESSING 





Industrial Participation 
in Fuel Processing 


Some results have recently become available on 
the study of the feasibility of a privately owned 
plant to process spent power-reactor fuels.'** 
The study was made by Davison Chemical Divi- 
sion of W. R. Grace and Company for the In- 
dustrial Reprocessing Group (IRG), made up of 
five utility companies along with Davison. The 
IRG study recommended a plant with a capacity 
of 1 ton per day, operating 300 days per year. 
The small, compact plant would occupy about 
15,000 sq ft and would be capable of processing 
all the power-reactor fuels of current interest. 
It was said that an annual work load of only 200 
tons would sustain the plant’s operation, at 
prices warranting operation of the plant. Since 
only 150 processing tons were to come from 
the participating utilities that would be com- 
mitted to pay for a certain load whether used or 
not, an additional 50 to 75 tons would have to 
come from other sources. 

After discussing participation with other com- 
panies, Davison informally advised the U. S. 
Atomic Energy Commission (AEC) in October of 
the probable need for 50 to 75 tons of spent fuel 
per year from government reactors to meet the 
200-ton-per-year schedule. The AEC pointed out 
that it would be necessary to solicit proposals 
on an industry-wide basis whenever the AEC 
determined that a specific base load was to be 
made available. 

The next step in the IRG plan would be the 
preparation of a detailed engineering design 
study by Bechtel Corp. (to which each of the five 
industry sponsors would contribute $100,000) 
to arrive at guaranteed capital costs of the plant. 
Of the five utility members of the IRG, three 


have indicated a willingness to proceed. The 
remaining two members would delay participa- 
tion in the project for at least two years, thus, 
in effect, withdrawing from it, at least for the 
time being. The two withdrawing members, 
Commonwealth Edison Company and Yankee 
Atomic Electric Company, based their decision 
on dissatisfaction with the economics of the 
proposed plant. The proposed IRG prices were 
said to be 20 per cent higher than the processing 
cost schedule established by the AEC. The two 
utilities recommended a two-year delay to ac- 
cumulate a stockpile of spent fuel in order to 
assure a load factor that would keep unit costs 
low. This would apparently require that the 
AEC’s 4 per cent use charge on the fuel be 
waived during the storage period. The capital 
cost of the plant is reported to be estimated at 
$20 million to $23 million, instead of the $12 
million to $15 million originally estimated. In 
order to provide the minimum load commitment 
of 200 tons per year, Davison has invited other 
utilities, as well as Westinghouse Electric and 
General Electric, to join the processing group. 


Although a determination by IRG of its intent 
to proceed with such an enterprise was origi- 
nally expected to be reached by July 1960, it 
now appears that such a decision is sometime 
in the future. 

In the interim (since the first IRG announce- 
ment in November 1959), the AEC has continued 
to study alternate ways in which these power 
fuels could be processed at AEC facilities. It 
has been determined that, in the over-all inter- 
est of economy, the processing should be con- 
solidated at fewer sites than was previously 
planned. Generally, it has been decided that the 
low- and intermediate-enrichment fuels would 
be assigned to Savannah River and high- 
enrichment fuels to the Idaho Chemical Proc- 
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essing Plant (ICPP). These reassignments re- 
sult in reduced over-all costs and still retainin 
the AEC processing plants adequate separation 
capacity to meet program needs. 

The AEC is hopeful that processing services 
will become available from private companies 
in facilities financed by private capital. Pending 
further information on the conclusions of the 
IRG regarding a possible private plant, the AEC 
has continued to hold in abeyance the modifica- 
tion of existing processing plants to process the 
power fuels as outlined above. It will, however, 
install facilities at Savannah River which will 
permit the receipt and handling of the off-site 
fuels. Adequate receiving and handling facilities 
are available at ICPP. 


Certain of the reactor operators whose fuels 
had previously been assigned to Hanford Atomic 
Products Operation (HAPO) have been advised 
that responsibility for the acceptance of their 
fuels by AEC has been reassigned to Savannah 
River. 

John A. McCone, in a statement while he was 
still chairman of the AEC, said: “We dislike 
going into the reprocessing of industrial fuels 
because it puts us into this business. Once 
you’re in the business, it’s hardtoget out. How- 
ever, we made a commitment to the industry 
and have a moral obligation to arrange to re- 
process their fuels. We intend to do this, but 
we want to give the industry every encourage- 
ment. We are perfectly willing to consider 
having the industry process our unclassified 
cores.’’ He pointed out that there are several 
private organizations interested in getting into 
the processing business, and, he said, “I am 
very, very hopeful that someone will come forth 
with an acceptable plan .... We can wait a few 
months ... [before we have to move ahead with 
our own plans to handle industrial fuels].’’* 


Unrelated to the above plans for spent reac- 
tor fuels is a recent announcement that the 
commercial-scale purification and fabrication 
of U**> will be undertaken by Davison at its 
Erwin, Tenn., plant under a contract with 
Atomics International (AI) to produce fuel for 
Al’s Advanced Epithermal Critical Assembly. 
The contract calls for purification, conversion 
to oxide, and fabrication into aluminum-clad 
platelets. Purification will be by dissolution in 
acid and solvent extraction behind concrete. 
Remote handling® is required because of the ra- 
dioactive daughter products built up in U***, 


Foreign Government 
Processing Programs 


Construction of a second chemical processing 
plant in France has been scheduled to start 
next year. The new plant will be located at 
Cap de la Hague on the tip of the Normandy 
peninsula near Cherbourg. France’s first proc- 
essing plant is located in southeast France at 
Marcoule. At the proposed plant, plutonium will 
be extracted from fuel elements irradiated in 
three gas-cooled graphite-moderated natural- 
uranium power reactors of the French national 
electric utility, and the 100-Mw/(e) natural- 
uranium heavy-water reactor on which the 
French AEC expects to start construction late 
this year or early next year. All four of the 
above reactors are in northwestern France.‘ 

Eurochemic (European Company for the 
Chemical Processing of Irradiated Fuels) is 
planning a two-stage approach in designing the 
irradiated fuel-processing plant to handle spent 
fuel elements from the 13 European nations 
participating in the project at Mol, Belgium. 
The first stage calls for a multipurpose dis- 
solver for batch or semicontinuous operation 
with fuels enriched up to 1.6 per cent. Later a 
semicontinuous unit geometrically safe for en- 
richments up to 5 per cent will supplement the 
first dissolver. The flow sheet for the plant 
calls for a two-cycle Purex process using a 30 
per cent solution of tributyl phosphate in hydro- 
carbon diluent. Construction’ is scheduled to 
start in the summer of 1961 for operation in 
1964. 


Gas Centrifuge Separation 
of Uranium Isotopes 


Because of the current interest in the gas 
centrifuge method for separation of uranium 
isotopes, the AEC recently issued two press 
releases on this subject, one of which includes 
a report on the status of gas centrifuge tech- 
nology in the United States and abroad.’ The 
principle of the gas centrifuge is to pass ura- 
nium in gaseous form (uranium hexafluoride) 
through a centrifuge that spins at very high 
speed, allowing separation of the isotopes be- 
cause of their slight difference in weight. Two 
possible advantages of the centrifuge method 
over the gaseous diffusion process are its po- 
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tential lower electric power requirement and 
its potential requirement for fewer units in 
series to produce the desired enrichment of 
vu’, Further, it appears to be particularly well 
suited for low-capacity installations. 

Theoretically, the separative work performed 
varies with the fourth power of the centrifuge 
speed. Thus doubling the speed would, intheory, 
increase the separative work performed by a 
factor of 16. As progress is made in construc- 
tion materials and designs which permit higher 
speeds, enthusiasm rises for the application of 
this process in separating uranium isotopes. 

General areas in which problems still must 
be solved include the following: 

1. Demonstration of the reliability of present 
experimental machines for continuous long-term 
service with UF; 

2. Development of a machine satisfactory for 
mass production of identical units 

3. Development of a method for the introduc- 
tion and removal of gas when machines are con- 
nected in series 

4. Determination of auxiliary processes, 
Services, and instrumentation necessary for 
plant operations 


The AEC’s planned program in gas centrifuge 
technology includes three major areas: (1) con- 
tinuation of basic research at the University of 
Virginia, (2) experimental operation of small 
groups of machines at the Oak Ridge Gaseous 
Diffusion Plant, and (3) proposed development 
work by private companies to develop advanced 
models of gas centrifuges. The total AEC effort 
is expected to be at a level of $2 million to $3 
million per year. 

Since a number of private companies have 
indicated a belief that there is substantial com- 
mercial potential in the centrifuge process to 
provide fuels for nuclear reactors, the AEC has 
proposed an amendment to AEC regulations to 
extend the access permit program to allow 
private industry to work in classified areas of 
the gas centrifuge field. This action would per- 
mit industry to employ private funds and to re- 
tain the benefits of its work in this area.® 

The technology of gas centrifuge separation 
is not now developed to a point where this proc- 
ess is competitive with the current gaseous dif- 
fusion process. On the other hand, projections 
of possible gains in the centrifuge process indi- 
cate that the process may become economically 
attractive in the future. 


Uranium Concentrate Prices 


The AEC has published detailed information 
on both prices and commitments for all 27 of 
its domestic uranium suppliers. The prices for 
deliveries to be made before Mar. 31, 1962, 
range from a low of $7.46 to a high of $10.70 
per pound of contained U;0,. The price varia- 
tions are due to such factors as type of treat- 
ment process, quality of ore processed, and size 
and location of mill. For domestic uranium 
concentrates’ contracted for delivery in the pe- 
riod beginning Apr. 1, 1962, and ending Dec. 31, 
1966, the AEC has established a flat price of 
$8 per pound of contained U,0,. 

The above prices may be compared with the 
competitive bids made by some 16 foreign and 
domestic uranium producers for an order of 13 
metric tons of concentrates for the Japan Atomic 
Fuel Corp. An order for 6.5 tons was placed 
in May 1960, and a second order for an equal 
amount was placed in October 1960. For the 
May order the bids’ ranged from $4.90 to $5.82 
per pound of contained U,O,, and for the October 
order, from $4.37 to $6.65. 


AEC Commissioner Loren K. Olson recently 
stated that, for both strategic and economic 
reasons, the maximum utilization of domestic 
uranium resources has been a continuing AEC 
objective. Domestic production in the current 
fiscal year will be at an all-time high of about 
18,000 tons of U,0;. Fiscal year 1962 receipts 
are estimated to be at about the same level.’ 


Charges for Commercial 
Use of Plutonium 


The AEC has recently increased the charges 
for commercial-industrial use of plutonium in 
instrument components such as plutonium- 
beryllium neutron sources.’ The base charges 
are now equal to the prices that the AEC will 
pay for this material purchased from reactor 
owners, namely, $30 to $45 per gram (depend- 
ing on Pu?“° content) until June 30, 1962, and 
$30 per gram from July 1, 1962, to June 30, 
1963. No charge has been established beyond 
that period. 

Plutonium-beryllium sources serve as a Spon- 
taneous source of neutrons and are used in 
oil-well exploration, calibration of nuclear in- 
struments, and to initiate the chain reaction in 
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nuclear reactors. Since plutonium may be dis- 
tributed domestically only under lease from the 
AEC, the effect of the new change will be to in- 
crease the use charge paid to the AEC, cur- 
rently 4 per cent of the plutonium value per 
year. No base charge has yet been established 
by the AEC for the use of plutonium as fuel for 
nuclear reactors. 


Waste-Disposal Licensing 


Representatives of the city of Antioch, Calif., 
recently objected to the AEC about the waste- 
disposal activities of the Nuclear Engineering 
Company, which uses a site near the city’s part- 
time source of water in the San Joaquin River. 
To preclude possible contamination of the city’s 
water supply through accidental leakage from 
waste-disposal drums, the AEC requested the 
Company to agree to a license change prohib- 
iting use of the site. Nuclear Engineering re- 
quested a hearing and later met with represen- 
tatives of the city, the state, and the AEC. A 
tentative agreement was reached whereby Nu- 
clear Engineering would not load its waste- 
disposal barge while the city was using the river 
as a source of water supply (a situation that oc- 
curs irregularly because of salt-water con- 
tamination of the stream). An amended license 
is being prepared for consideration.?*4 


The French government recently encountered 
the first widespread public opposition to its nu- 
clear waste-disposal program when the French 
AEC announced its intention of disposing of 6500 
barrels of low-level radioactive wastes in the 
Mediterranean. The proposal met with opposi- 
tion from officials of the French resort area. 
The government agreed to postpone the disposal 
activities, although it said that the disposal in- 
volved no danger and that, even if the barrels 
were breached, the resultant escape of radio- 
activity would be far below permissible levels.’ 


Land Burvial 


The AEC is amending its regulation on Stand- 
ards for Protection Against Radiation to reflect 


its policy on land disposal of low-level pack- 
aged radioactive waste materials.° 

Under the existing Code of Federal Regula- 
tions, Title 10, Part 20, licensees are permitted 
to dispose of very low concentrations of radio- 
active waste by burial in the soil. The amend- 
ment to this Section 20.302, which became ef- 
fective Feb. 17, 1961, permits licensees to 
continue this practice, but it states that the 
AEC will not approve an application for a license 
to receive radioactive waste material from other 
persons for disposal on land not owned by the 
state or federal governments. To date, the AEC 
has not issued any licenses to receive waste 
materials from other persons for burial on 
nongovernment-owned land. 

In January 1960 the AEC announced that it had 
determined that regional sites for the permanent 
disposal of low-level radioactive waste would 
be established, as needed, on state or federal 
government-owned land.'® The AEC has made 
available its land burial sites at the Oak Ridge 
National Laboratory (ORNL), Oak Ridge, Tenn., 
and at the National Reactor Testing Station 
(NRTS) near Idaho Falls, Idaho, for the disposal 
of low-level wastes by AEC licensees. 
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Redox Multipurpose 
Dissolver Incident 


A final report has been issued’ on the Redox 
multipurpose dissolver incident, describedin an 
earlier Review,’ in which a combination of fires 
and pressurizations took place in a uranium 
metal dissolver in the Redox plant at Hanford on 
Apr. 17 and 18, 1960. It was conclusively estab- 
lished that the incident was not a criticality acci- 
dent. No exposure of personnel and no release 
of activity to the building or the environs oc- 
curred. However, contamination of the dissolver 
cell and the loss of the dissolver resulted from 
the incident. Reference 3 describes the multi- 
purpose dissolver, anda cutaway of the dissolver 
is shown in Fig. II-1. 

The dissolver was designed to provide (1) a 
critically safe vessel for dissolving uranium 
metal containing up to 1 per cent U***, (2) a vessel 
that could be charged with fuel elements up to 
10 ft long, (3) an off-gas arrangement that would 
eliminate the return of ammonia tothe dissolver 
during the Zirflex decladding process, (4) a 
means of dissolving small charges without using 
extra chemicals, and (5) a bypass routing around 
the silver reactor (used for trapping volatile 
radioactive iodine) during cladding removal. 
These requirements were met by a dissolver 
having a fuel annulus with an inside diameter of 
4 ft 1 in., an outside diameter of 5 ft 10 in., and 
a height of 9 ft 6 in. (to the bottom of the slug 
charging cone). Other details of the dissolver 
and off-gas system are given in reference 3. In 
actual performance the dissolver exceeded de- 
sign capacity, both in instantaneous dissolution 
rate and in sustained capacity. 

At the time of the incident, the dissolver con- 
tained bare, irradiateduranium metal. One-half 
of the metal was covered with water, whereas 
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Fig. II-1 Sketch of Redox multipurpose dissolver. 


the other half was exposedto the moist air above 
the water surface in the dissolver for a 30- to 
36-hr period preceding the incident. 

The first indication of trouble was observed on 
April 17, when the off-gas temperature began a 
gradual increase from 25°C at 10:00 a.m. to 
52°C at 2:30 p.m. At noon the temperature of 
the water inthe dissolver was 60°C. By 2:40p.m. 
the temperature of the water had increased to 
86°C. Moreover, the vacuum in the dissolver 
was lost through vaporization of the water from 
the water seal around the dissolver lid. The 
vacuum was regained when the water seal was 
refilled; however, a momentary pressurization 
occurred during this operation. The solution 
temperature was reduced to about 50°C, the 
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normal temperature, by passing water through 
the internal cooling coils of the dissolver. 
Another rise in the temperature of the solution 
occurred, and the solution was again cooled to 
the normal temperature by means of the cooling 
coils. Starting at 3:30 p.m., frequent pressuriza- 
tions occurred, and a consistent vacuum was 
difficult to maintain. By 5:00 p.m., however, the 
vacuum was reestablished. 

At 6:45 p.m., after the solution in the dis- 
solver was heated to 75°C by mistake and again 
cooled to the normal temperature by means of 
the cooling coils, the solution in the dissolver 
was removed, and 47 per cent nitric acid was 
added until the uranium metal in the dissolver 
was half covered. Almost immediately the spe- 
cific gravity of the solution increased to >1.85, 
indicating that the concentration of uranium in 
the solution was >2.5M. Following the addition 
of the acid, the dissolver pressurized frequently, 
and the dissolver vacuum was not reestablished 
until 7:40 p.m, 

With the vacuum regained, the contents of the 
dissolver were heated to boiling, and at 8:30 p.m. 
the addition of 60 per cent nitric acid was started. 
The reaction became so vigorous after a small 
amount of the acid had been added that the dis- 
solver vacuum was nearly uncontrollable. The 
addition of the acid was stopped, anda small flow 
of cooling water was started to the dissolver coil. 
A rise in liquid level in the dissolver indicated 
that a leak in the cooling coil had occurred. 

Dissolver operation became more erratic, and 
at 8:45 p.m. a rumbling was heard in the dis- 
solver cell. At the same time, the dissolver 
vacuum was completely lost. A fullflow of water 
to the cooling coil was started. The second and 
third rumbles were heard at about 15-min inter- 
vals. At this time, the liquid level in the dis- 
solver was twice as high as it had been. The 
flow of the cooling water was stopped; whereupon 
the liquid level in the dissolver started to drop 
immediately, and the sump liquid level began to 
rise. The sump solution was found to be about 
0.3M uranium. The gamma radioactivity of the 
cell exhaust increased 300-fold above normal 
between 6:30 and 8:30 p.m. 

At 1:30 a.m. on April 18, the cell cover was 
removed, and a 10-min inspection of the cell 
interior was made. The inspection disclosed 
that, although the dissolver lid was still on top 
of the vessel, the lid was inverted and was 1 to 
2 ft off center. The underside of the lid was dis- 
colored; the remainder of the cell, however, ap- 


peared clean. No other visible damage was 
apparent. 

At 4:00 a.m. the temperature of the dissolver 
off-gas began to rise and continued to increase 
until it reached a peak of 35°C by 4:00 p.m. Dur- 
ing this period the gamma radioactivity of the 
cell off-gas began to increase. From these ob- 
servations it became apparent that a resumption 
of the reaction in the dissolver was occurring. 
At 7:30 p.m. a large quantity of water was added 
to the dissolver as rapidly as possible. Despite 
the partial opening provided by the displacement 
of the dissolver lid, a pressurization of the dis- 
solver was observed. The off-gas temperature 
rose Sharply and then dropped steadily to a tem- 
perature of 23°C by 3:00 a.m. on April 19. The 
gamma radioactivity of the cell exhaust air rose 
to a maximum at 100 times normal between 4:00 
and 8:00 p.m. on April 18 and then rapidly 
dropped back to normal. 


At 10:00 a.m. on April 19, the cell cover was 
removed again for the purpose of replacing the 
dissolver cover in its proper position. The at- 
tempt to replace the cover was abandoned when 
the activity of the air in the canyon increased. 
While the cell cover was off, it was noted that 
the cell was covered with a fine dust. The cell 
cover was replaced, andthe cell remained closed 
until the problems of contamination could be 
brought under adequate control. 


Cleanup 


The first step of the cleanup was to wash the 
canyon with water by means of canyon roof 
sprays. This was followed by flushing the canyon 
deck with water. The crane was decontaminated 
next by means of solvent sprays. 

A backup filter was installed downstream from 
the dissolver off-gas filter to minimize the pos- 
sibility of discharging the radioactivity to the 
atmosphere and environs. After the emergency 
backup filter had been installed, three spray 
nozzles were used to wash the dissolvercell. A 
water spray was installed around the top of the 
cell to provide an umbrella of water above the 
cell opening. The cell cover was then removed 
without any measurable recontamination of the 
canyon or the crane. 

At this time the old dissolver lid was replaced 
by a new one through which passed a water addi- 
tion line and two temperature-sensing elements, 
one for the vapor phase and the other for the 
metal-containing annulus. A sample was re- 
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moved for neutron-activation detection. A 20 per 
cent solution of nitric acid was then used to re- 
move soluble sludge from the cell floor. 

The dissolution of the uranium remaining in 
the dissolver was carried outintwosteps. First, 
20 wt.% nitric acid was added to the dissolver 
mixture. The dissolution rate was rapid, and 
stoichiometric calculations indicated that the 
material being dissolved was a mixture of UO, 
and U;O,. In the second step, the concentration 
of the acid was cautiously and progressively in- 
creased. During this period, temperatures rose 
suddenly on twoor three occasions, requiring the 
“drowning” of the reaction. These thermal ex- 
cursions were accompanied by the formation of 
hydrogen, which suggested that small-scale fires 
might be involved. The dissolution of the ura- 
nium was continued until the dissolver was 
emptied. 

A new lid with a circulator for decontamina- 
tion chemicals was installed over the dissolver 
opening, and seven 5-hr recirculation flushes 
were applied to the interior of the dissolver. 
After the dissolver had been cleaned, a remote 
television camera was used to inspect the in- 
terior and exterior ofthe dissolver. Atleasttwo 
holes were seen in the wall oftheinner cylinder 
below the base of the distributor cone. Near the 
bottom ofthe annulus, severalirregularly shaped 
masses, resembling welding slag, were ob- 
served. 

After the condition of the dissolver had been 
ascertained, the dissolver was removed from 
the Redox plant to a decontamination facility. 
Closer inspection confirmed the presence of two 
large oval-shaped holes (12 to 18 in. wide and 
2 to 3 ft long). An inspection of the metal edges 
of these holes indicated that the damage probably 
resulted from high temperatures rather than 
from high pressures. A slit in the dissolver 
cooling coil was also seen. 

One of the pieces of slag foundinthe dissolver 
was analyzed chemically. The results revealed 
that the composition of the sample was as follows: 
72 per cent iron, 9 per cent chromium, 11 per 
cent nickel, and 8 per cent uranium. Phase dia- 
grams indicate that temperatures >1300°C ex- 
isted in regions of the dissolver during the inci- 
dent. 


Causes of the Incident 


Analysis of all available information indicated 
that the incident was most probably caused by a 


chemical reaction. Proof that the incident was 
nonnuclear in origin was derived from two 
sources of data. First, an estimate was made of 
the number of fissions which would be required 
to provide the energy necessary to bring the dis- 
solver contents to the temperatures recorded 
during the incident. An estimate of the increase 
in gamma activity, which would accompany a 
nuclear reaction of the calculated magnitude, 
ruled out the possibility of a nuclear incident 
since the actual change in the gamma activity 
was very much smaller than the estimated 
value. Further proof that the incident was non- 
nuclear was provided by two samples of mate- 
rial removed from the cell. The samples were 
examined for neutron-induced activity, and the 
negative results that were obtained proved con- 
clusively that the incident was not a criticality 
accident. 


The following explanation of the incident has 
been proposed:' After partial dissolution of the 
uranium slugs, the remaining metal had an etched 
surface that provided a greater area-to-volume 
ratio than that of the original material. The 
metal was gradually heated by fission-product 
decay heat and was not adequately cooled be- 
cause half the metal was exposed. The poorer 
heat dissipation due to annular geometry and 
slug packing, compared with a standard vessel, 
permitted the temperature of the exposed metal 
to increase to about 80 to 150°C. In this tem- 
perature range the reaction of uranium with 
oxygen and water vapor became significant. The 
heat of the reaction, combined with the fission- 
product decay heat, raised the temperature to 
about 300°C. At this temperature the oxidation 
reactions became rapid, and ignition of the 
metal occurred with temperature excursions as 
high as 1300°C. 

The heat generated by the reaction was also 
transmitted to the metal below the liquid surface. 
This resulted in arapidincrease in the tempera- 
ture of the solution. The temperature of the dis- 
solver walls also increased, and this, in turn, 
accelerated the evaporation of water from the 
lid water seal. The loss ofthe dissolver vacuum 
followed. In the attempts to reestablish the lid 
water seal, water was poured on the hot exposed 
material in the dissolver, causing hydrogen 
evolution. 

During the course of the reactions, consider- 
able amounts of UO, and U,O, were produced. On 
addition of 47per cent nitric acid, the oxides dis- 
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solved rapidly. Frequent pressurizations oc- 
curred during this dissolution. 


The dissolver cooling coil apparently failed at 
about 8:20 p.m., 10 min before the addition of the 
60 per cent nitric acid was started. The coil 
failure resulted in a flooding of the dissolver. 
The pressurization and rumble that followed 
probably resulted from the sudden quenching of 
hot metal and the rapid reaction between the ura- 
nium and water. Ignition of hydrogen may also 
have been a contributing factor. The pressuriza- 
tion that occurred during the third rumble (9:05 
p.m. on April 17) was of sufficient magnitude to 
invert the 6-ft-diameter dissolver lid. 


The fire was quenched by the water leakage 
through the ruptured cooling coil. After the water 
was turned off, half the uranium was again ex- 
posed to the atmosphere as the solution drained 
off through the holes in the dissolver wall. 


The uranium required only 8 hr to reignite 
(at about 5:00 a.m. on April 18). The metal was 
probably activated by the previous water quench 
because of hydride formation and the disruption 
of the oxide scale. The fire was quenched 15 hr 
later; the violence of the ensuing reaction pres- 
surized the dissolver and carried fine oxide 
scale into the dissolver cell. The majority of the 
contamination problems were caused by this ox- 
ide scale. 


Property damage to the dissolver was es- 
timated to be $103,000, and replacement costs 
were estimated to be $118,000. Restoration and 
cleanup costs' as of Sept. 18, 1960, were 
$124,000. 


Recommendations 


As a result of the incident, the following rec- 
ommendations were made:' 

1. Resume Redox plant operation with con- 
ventional dissolvers, modifying procedures to 
conform to the recommendations that follow. 

2. Liquid should completely cover the solid 
fuel (clad or dejacketed) in the dissolver as con- 
tinuously as possible, and certainly when the 
holding period for a charge is to exceed 8 hr. 

3. The dejacketed fuel elements should be 
submerged, in so far as physically possible, 
throughout the dissolution step. 

4. New dissolvers should be provided with in- 
strumentation to measure the temperature of the 
vapor leaving the dissolver vessel. 

5. New dissolvers, in which relatively uniform 
orientation of fuel elements can be anticipated, 
should be provided with instrumentation to meas- 
ure temperatures adjacent to the fuelcrib. 

6. Although the primary gas filter contained 
the radioactivity in this incident, the installation 
of a permanent backup filter was recommended 
for all dissolvers where there is any possibility 
that the primary filter might not retain all the 
radioactivity that might arise in any situation. 
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The wide variety of nuclear reactor fuels re- 
quires development of numerous “head-end” 
processes to produce fuel solutions compatible 
with existing processing plants. Some head-end 
processes remove the cladding separately, and 
others put cladding and fuel into a single solu- 
tion. Mechanical decladding, chemical dejacket- 
ing, dissolution, and precipitation are discussed 
in this section. 


Mechanical Processing 


Inasmuch as many of the claddings of nuclear 
fuels are chemically resistant, it is often desir- 
able to remove the cladding material mechani- 
cally. The important advantages of mechanical 
processing include production of smaller aque- 
ous waste volumes, use of less corrosive rea- 
gents for dissolving the fuel material after the 
cladding is removed, and increased plant ca- 
pacity in the absence of dissolved cladding ma- 
terial in process streams. 


Two Savannah River reports that describe 
shearing of irradiated uranium plates have been 
declassified.'**? Three aluminum-clad plates of 
natural uranium which were irradiated to 600 
and 1500 Mwd/ton were cut easily to short 
lengths with a guillotine type shear.' The maxi- 
mum force required to cut an irradiated plate 
0.180 in. thick by 3.1 in. wide was 18,000 lb, 
which is less than half of the 41,000 lb required 
for unirradiated material. Crumbling of the 
plate was reduced to an average of 1.4 g of 
fragments per cut by employing a near-vertical 
Shearing action rather than the scissors type 
action of standard portable shears. Also cut 
were ten additional plates that had been irradi- 
ated to either 480 or 940 Mwd/ton average ex- 
posure and had cooled from 12 to 16 months.’ 
Each plate was about 3 in. wide by 0.2 in. thick 


and 15 ft long. The plates were sheared into 
7-in. sections with forces of 8000 to 33,000 lb. 
The force required for cutting varied inversely 
with the amount of pile exposure. 

Radioactive contamination from the shearing 
of irradiated plates of natural uranium was con- 
trolled by performing the operation in an open 
tank in a disassembly basin.’ The radioactivity 
in the tank was kept at a low level by recircu- 
lating the water in the tank through a filter and 
an ion-exchange column. During the shearing 
operation the highest activity of water in the 
tank was 8 x 10~ uc/cm’, which was only a 
factor of 20 above background activity of the 
water in the basin. Activity of air above the 
tank did not increase, and the radiation level 
in the working area (4 ft above the water) was 
only 3 mrads/hr. Contamination of the shear- 
ing equipment was low enough (25 mrads/hr at 
3 ft) to allow the equipment to be removed from 
the tank and worked upon directly. 

At Atomics International, an automatic de- 
canner has been developed’ for the Sodium Re- 
actor Experiment (SRE) fuel elements (2.8 per 
cent enriched uranium for core 1 and 7.6 per 
cent uranium—thorium for core 2). Fuel slugs 
for the SRE are contained in a stainless-steel 
can having a length of about 8 ft, a diameter of 
1 in., and a wall thickness of 0.01 in. The cans 
are to be opened to release the slugs. A Carbo- 
rundum wheel traverses the rod longitudinally 
at approximately 2 ft/min. The wheel is posi- 
tioned manually to cut the can without cutting 
into the slugs. Its vertical position requires 
almost constant adjustment to compensate for 
wheel wear and bowing of the can. The cans 
are immersed in kerosene during the cutting 
operation in order to neutralize the NaK con- 
tained within the cans. 

Equipment for mechanical disassembly, de- 
jacketing, and recanning of spent SRE fuel has 
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been designed, fabricated, and installed in a 
shielded segmenting facility at ORNL.‘ Remote 
performance testing of the equipment with un- 
irradiated fuels showed that all operations are 
feasible. Irradiated fuel is expected to be proc- 
essed at a rate of 250 to 500 kg of uranium per 
day. Mechanical processing of spent fuel was 
expected to begin early in 1961. Details of this 
work are reported in several ORNL progress 
reports.5-® 


Chemical Dejacketing 


Materials used for cladding (namely, alumi- 
num, zirconium or Zircaloy, stainless steel, 
and Hastelloy X) may be removed by selective 
chemical dissolution. The fuel cores thus ex- 
posed can be dissolved by another reagent in a 
second step. ' 


Removal of Zirconium and Zircaloy Jackets 


Zirconium-clad or Zircaloy-clad fuel ele- 
ments having oxide cores may be dejacketed by 
the Zirflex process. In this process the cladding 
is dissolved in 6M ammonium fluoride—1M am- 
monium nitrate. 

Data from Hanford Atomic Products Opera- 
tion (HAPO), reported in the July 1960 issue of 
Reactor Fuel Processing,’ showed that the dis- 
solution rate of zirconium fell off by a factor 
of 4 as the pH increased from 5.5 to 8.8. In 
Zirflex decladding studies at ORNL,” the aver- 
age dissolution rate of Zircaloy-2 was de- 
creased only ~10 per cent when a volume of 
1.0M ammonium hydroxide (rather than water) 
was gradually added to the dissolvent (4.5M 
ammonium fluoride—0.5M ammonium nitrate) 
to maintain a constant level in the dissolver as 
the overhead condensate was withdrawn. 

In additional Zirflex bench-scale tests of the 
dissolution of Zircaloy-2 in 4.5M to 6M ammo- 
nium fluoride—0.5M ammonium nitrate, runs 
were made to attempt to produce a dejacketing 
waste solution free of solids.’ Although low 
free-fluoride concentrations in the range of 
0.4M to 0.8M are required to prevent precipi- 
tation of the ammonium fluozirconates, the 
free fluoride cannot be totally depleted if the 
hydrated oxides of tin and zirconium are to be 
held in solution. Even with complete withdrawal 
of the overhead condensate containing ammo- 
nium hydroxide, solids formed when the free 
fluoride was depleted. However, with a fluoride- 


to-zirconium charge ratio of 6.5, relatively 
solid-free solutions containing ~0.7M zirco- 
nium were produced with both 4.5M@ and 6M am- 
monium fluoride—0.5M ammonium nitrate, with 
complete withdrawal or with rectification and 
reflux of the overhead condensate. 

A summary report of laboratory-scale ex- 
periments at ORNL in the development of the 
Zirflex process for the Pressurized-Water Re- 
actor (PWR) blanket fuel has recently been 
issued.’ The final flow sheet, shown in Fig. 
III-1, provides for incomplete dissolution of 
zirconium by a high dilution of the decladding 
waste solution and in the addition of aluminum 
nitrate to the core dissolvent. 

The PWR blanket fuel element is a 27-mil- 
thick Zircaloy-2 tube (0.4 in. in diameter and 
10.25 in. in length) filled with uranium dioxide 
pellets.!° A solid Zircaloy-2 end cap, contain- 
ing about 10 per cent of the zirconium, is lo- 
cated at each end of the fuel element. Based on 
laboratory experiments on dissolution of PWR 
blanket fuel elements, the Zircaloy-2 tubing, 
which constitutes about 80 per cent of the zir- 
conium, is dissolved in about 3 hr with boiling 
6M ammonium fluoride—1M ammonium nitrate. 
The mole ratio of fluoride to total zirconium 
is 6, and the undissolved zirconium is present 
mainly as end caps. When the decladding step 
is finished, the solution is diluted to about 0.2M 
zirconium and then filtered or centrifuged. The 
uranium dioxide core pellets are washed with 
about one volume of cold water or 0.05M alumi- 
num nitrate in several portions to remove 
sorbed fluoride. The wash solution is added to 
the decladding solution, producing a final waste 
solution containing 0.1M zirconium. This en- 
sures that no (NH,),ZrF, will precipitate, even 
if the fluoride-to-zirconium ratio in solution 
is 20. Soluble uranium losses are expected to 
be <0.1 per cent. The core pellets are dis- 
solved in 5 hr in a volume of boiling 10M nitric 
acid—0.1M aluminum nitrate sufficient to pro- 
duce a solution containing 1.9M uranium. The 
aluminum nitrate is required to inhibit corro- 
sion by fluoride, which is carried over from 
the decladding operation. This product solution 
requires further adjustment before the uranium 
is recovered by solvent extraction. 

When 0.75M to 1.0M ammonium nitrate is 
present in the decladding solution, the off-gas 
is essentially pure ammonia. Only about 0.05 
mole of hydrogen is evolved per mole of zir- 
conium dissolved. The off-gas from the core 





PREPARATION FOR FUEL PROCESSING 11 


CORE DISSOLVENT OFF-GAS 














NO : 34.2 moles 
10M HNO3 - 0.1 M AI(NO3)3 NO» : 34.2 moles 
OFF-GAS . ; s 
—_— H20 36.0 liters 
NH3 : 263 moles 460.4 liters 
in 10 portions 
| | ZIRCALOY-2 
T T 
~ eo 
DECLADDING ; FILTER AND WASH | CORE DISSOLUTION tees 














PWR BLANKET SUBASSEMBLY 













































Jacket: Zircaloy-2, 6 kg 3hr, 110°C i 5 hr, 120°C 
Core: UO, 18.5 kg PRODUCT SOLUTION 
U 19M 
DECLADDING REAGENT HNO3 4.4M 
6 M NHgF- 1M NH,NO3 WASTE F ~0.1M 
—— Al 0.1M 
65.8 liters Zr 0.1M Sn 0.002 M 
F 0.75M Zr 0.01 M 
Sn 0.01M %.0 liters 
U loss < 0.1% 
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Fig. IlI-1 


dissolution is mainly nitric oxide and nitrogen 
dioxide. 

Since the Zircaloy-2 end caps accumulate 
with the dissolution of successive batches of 
fuel, a longer decladding time and/or a sepa- 
rate end-cap dissolution step every three or 
four cycles will be required. 

A correlation for the densities of Zirflex 
type solutions has been obtained:"! 


Peaic. = (0.99710 + 0.03157m) + (0.02046 — 0.002659m)c 
— (0.003346 — 0.000703m)c* + 0.14349x + 0.492 


where m = moles/liter NH,NO, 
c = moles/liter NH,F 
x = moles/liter (NH,),ZrF, 
z = moles/liter UO,(NO;), 


Removal of Stainless-Steel Jackets 


Stainless-steel jackets may be dissolved by 
either the Sulfex or Darex process or electro- 
lytically. The Sulfex process involves dissolu- 
tion of the cladding in an excess of ~6M sul- 
furic acid. The Darex process uses dilute aqua 
regia for decladding (5M nitric acid—2M hydro- 
chloric acid). After decladding by either the 
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Zirflex process for decladding and dissolution of PWR blanket fuel.” 


Sulfex or Darex process, the core is dissolved 
in a solution of 13M nitric acid—0.04M sodium 
fluoride—0.04M aluminum nitrate. 

In continuing laboratory studies at ORNL of 
the Darex process,*:' decladding of a prototype 
Consolidated Edison fuel pin irradiated to about 
20,000 Mwd/ton resulted in a higher uranium 
loss than that normally found with unirradiated 
fuel.’ The uranium loss after a 3-hr decladding 
in boiling 5M nitric acid—2M hydrochloric acid 
was 2.2 per cent; the thorium loss was 0.07 per 
cent. 

Soluble uranium losses from uranium dioxide — 
thorium dioxide pellets to boiling Darex solu- 
tions increased with increasing uranium dioxide 
content of the pellets.* After 7-hr contact with 
boiling Darex dissolvent (5M nitric acid—2M 
hydrochloric acid), 0.45 and 0.65 per cent of 
the uranium was solubilized from pellets con- 
taining 3 and 9 per cent uranium dioxide, re- 
spectively. 

In two tests made with unirradiated-uranium 
Darex dissolver solution, the time required to 
decrease the chloride concentration from0.87M 
to 350 ppm was inversely proportional to the 
nitrogen dioxide sparging rate;’ the sparging 
rate in one case was five times that in the other 
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(0.4 vs. 0.077 mole/min). About 1000 per cent 
of the stoichiometric amount of nitrogen dioxide 
required to form nitrosyl chloride was intro- 
duced. An improved method of contacting may 
greatly decrease the excess nitrogen dioxide 
required. 

In a test in which a prototype stainless-steel- 
clad Consolidated Edison thorium dioxide— 
uranium dioxide fuel pellet (irradiated to about 
20,000 Mwd/ton) was declad in boiling 6M sul- 
furic acid for 3 hr (Sulfex process), the uranium 
and thorium soluble losses to the decladding 
solution were 0.06 and 0.07 per cent, respec- 
tively.’ 

The Sulfex process has also been studied at 
Hanford'*-™ using a recirculating dissolver. 
The dissolver complex is designed to maintain 
a subcritical geometry with enriched (possibly 
up to 5 per cent U***) uranium.” The recircu- 
lating dissolver (Fig. III-2) has been operated 
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Fig. 01-2 Schematic diagram of pilot vertical-tube 
dissolver.” 


on a pilot scale to determine the important en- 
gineering parameters involved in the Sulfex 


process. 
Sulfex dissolutions of stainless steels have 
been carried out in a series of experiments 
which culminated in demonstration decladdings 
of simulated fuel elements in a prototype-scale 


recirculating dissolver. The feasibility of de- 
cladding stainless-steel-clad fuels with sul- 
furic acid has been conclusively demonstrated. 
Decladding rates were observed to vary with 
the type of stainless steel and with the type of 
Ssparge gas, either superheated steam or air. 
Steam gave improved results in every case. 
Decladding times were on the order of 2 to 5 hr 
for fuel elements having geometries approxi- 
mating those of the Yankee fuel elements. Pas- 
sivation of stainless steel was of no consequence 
when the fuel elements were coupled to carbon 
steel, and nitrate-ion concentration was main- 
tained below 0.01M. The feasibility of destroy- 
ing nitrate ion to concentrations <0.01M by the 
action of formaldehyde in Sulfex solutions was 
demonstrated. The possibility of the assembly 
braze metal (Nicrobraz 10) replacing the car- 
bon steel as a depassivating agent was shown 
to exist. 

Uranium losses to the decladding solutions 
were found to be low (<0.25 per cent) in all 
cases. They were, however, lower still when 
steam was substituted for air as a sparge gas. 
Hydrogen-explosion hazard was controllable by 
varying the acid concentration where air sparge 
or purge gas rates were scaled to correspond 
to those proposed for a production facility. The 
stainless-steel dissolution products are soluble 
to the extent of about 1M where the sulfuric 
acid concentration is below 5M. This solubility 
decreases rapidly as the acid concentration in- 
creases about 5M. 

At ICPP,'*-'" studies are continuing on the 
electrolytic dissolution of stainless steel. Am- 
monium nitrate was examined as a possible 
alternate electrolyte for the electrolytic disso- 
lution of stainless steel.'® Solutions of 5M am- 
monium nitrate, 5M ammonium nitrate plus 
ammonium citrate, and 5M ammonium nitrate— 
0.05M nitric acid were tested. These solutions 
do not show promise as electrolytic media 
since the electrolyte apparently is decomposed 
in preference to the stainless-steel anode be- 
ing oxidized. Although the stainless material 
is attacked to some extent in the basic solution, 
forming ferric hydroxide, the current efficiency 
is only approximately 30 per cent of the theo- 
retical. Evolution of ammonia accompanies the 
reaction. 


Removal of Hastelloy X Jackets 


The Hastelloy X cladding from the Gas-Cooled 
Reactor Experiment (GCRE) fuel (see page 19) 
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dissolves at rates of 6 to 28 mg/(cm’)(min) in 
boiling 1M to 5Mnitric acid solutions contain- 
ing 4M or 5M hydrochloric acid.’ Solutions of 
6M to 13M nitric acid or 5M nitric acid—2M 
hydrochloric acid—3M sulfuric acid appear 
suitable as reagents for leaching the uranium 
from the declad fuel pellets. Uranium was 
completely leached from the fuel pellets in 5 hr 
with 6M to 13M nitric acid. 

In dissolution tests on Hastelloy X GCRE fuel 
cladding in boiling 2M nitric acid—4M hydro- 
chloric acid, about 5 moles of hydrogen ion, 1 
mole of nitrate, and 1 mole of chloride are con- 
sumed for each mole (59 g) of alloy dissolved.® 


Dissolution 


Some chemical processes perform a com- 
bined dissolution of the jacket and core. Proc- 
esses reported in this section are designed 
for zirconium alloy, stainless-steel alloy, and 
uranium carbide fuels. The Alloy Reguline 
Chloride Oxidation (ARCO) process, in which 
zirconium fuel elements are dissolved in fused 
lead chloride, is under consideration. Proposed 
schemes for stainless steel include Darex- 
Thorex, Sulfex-Thorex, and electrolytic disso- 
lution in nitric acid. Uranium-molybdenum 
fuels may be dissolved in 12M to 14M nitric 
acid solution containing ferric nitrate; uranium 
carbide fuels may be dissolved in 90 per cent 
nitric acid. 


Combined Dissolution of Jacket and Core 


Dissolution of Zirconium-Clad or Alloy Fuel 
Elements in Fused Chloride Salt. A fused- 
chloride-salt process under development at 
IcPPp'*-"* continues to look promising for the 
head-end treatment of zirconium and other fuel 
alloys. This process employs molten lead chlo- 
ride as a solvent for zirconium-uranium alloys, 
followed by regeneration of lead chloride from 
the lead produced. 

The dissolution of reactor fuel alloys in 
molten chlorides was described in a recent re- 
port.!® The basic ARCO process was investi- 
gated principally as a head-end treatment of 
zirconium-uranium alloys in order to provide 
an initial separation of uranium from zirco- 
nium. The alloy is rapidly dissolved in molten 
lead chloride at 520°C, at which temperature 
the zirconium is volatilized as the tetrachlo- 
ride. Lead is precipitated as a separate metal 


phase. Uranium, which is also converted to a 
chloride salt, may be recovered from the salt 
matrix by leaching with 8M nitric acid. Lead 
chloride may be regenerated either by disso- 
lution of lead in nitric acid, followed by me- 
tathesis with hydrochloric acid, or by direct 
chlorination. 


The work on the feasibility of the ARCO proc- 
ess may be summarized as follows:'® (1) Dis- 
solution rates were rapid both for irradiated 
Zircaloy-clad fuel elements that were heavily 
oxidized and for unirradiated Zircaloy fuels 
[>300 mg/(cm*)(min) at ~ 500°C]. Fission prod- 
ucts of Groups I, II, and III remained princi- 
pally with uranium in the salt phase, whereas 
ruthenium favored the lead phase; (2) uranium 
losses to the zirconium tetrachloride sublimate 
or to the metallic lead phase amounted to <0.2 
per cent in one experiment; (3) <0.2 per cent 
of the zirconium remained in the lead chloride 
melt at 520°C. The addition of an equal molar 
amount of potassium chloride to the system to 
lower the dissolution temperature completely 
suppresses the zirconium tetrachloride vola- 
tility; (4) removal of the uranium from the salt 
phase by leaching was conducted with various 
concentrations of nitric acid, and 8M was found 
to be optimum. Uranium losses averaging <0.04 
per cent were achieved with an 8M nitric acid 
leach at reflux temperatures of 107 to 108°C; 
(5) several nickel alloys displayed reasonably 
low (4 to 7 mils/month) corrosion resistance 
in the lead—lead chloride system; (6) investi- 
gation of several other chlorides as media in 
which to perform the dissolution of zirconium 
indicated that none appeared to have any advan- 
tages over the lead chloride system; (7) the 
feasibility of dissolving other nuclear cladding 
materials in lead chloride was investigated. It 
was found that zirconium and aluminum could be 
dissolved simultaneously and that chromium 
could also be dissolved readily if potassium 
chloride were added to the lead chloride melt; 
(8) work was initiated on the application of in 
situ chlorination in fused chlorides to other 
metals and alloys. This concept was success- 
fully applied to type 347 stainless steel, chro- 
mium, niobium, aluminum, and magnesium. 
Molybdenum also dissolved at rates that may 
be practical for low-alloy contents. The direct 
chlorination flow sheet is regarded as an ad- 
vanced process flow sheet. These flow sheets 
are shown in Figs. III-3 and III-4. 
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NET CHEMICAL USAGE "aa ~ “| 
CONC HNO3 125 liters 3.7 kg Sn 
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0 Cla 
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L DISSOLVER | (to waste) 
! 
T | 
reas GL? SOLVENT 
1491 kg | p EXTRACTION 
PHCl 
a HNO3 ee. 
274 liters 
5.9 M HNO3 


Fig. 11-3 ARCO process tentative flow sheet. ® 


Current studies of the ARCO process at 
1icpp’*"’ are investigating dissolution of ura- 
nium dioxide. Previous work has established 
that the oxide is insoluble in fused lead chloride 
at temperatures up to 750°C. Dissolution of ura- 
nium dioxide pellets in lead chloride—chlorine 
was investigated as a function of chlorine flow 
rate and temperature (520 to 800°C).'* With a 
chlorine flow of 1 g/hr, dissolution rates of up 
to 3.3 mg/(cm*)(min) at 800°C were achieved. 
At 800°C, but with higher flow rates, dissolu- 
tion rates greater than 25 mg/(cm’)(min) are 
attainable. 

In the unmodified lead chloride—chlorine 
system at 550°C, the average dissolution rate 
of uranium dioxide pellets was found to be 
0.0033 mg (uranium dioxide)/(cm’)(min)/(mg 
chlorine)(min). In a typical experiment the pas- 
sage of 0.96 g of chlorine through lead chloride 
for 1 hr yielded an average dissolution rate of 
0.05 mg (uranium dioxide)/(cm”)(min). 

Modification of melt composition is being 
investigated as a means of lowering ARCO 


process operating temperatures.’* The lead 
chloride—30 mole % cadmium chioride system 
affords the possibility of dissolution at 400°C 
instead of at 500°C (pure lead chloride). In ex- 
periments completed to date, the zirconium ap- 
pears to be volatilized from the new melt, while 
at the same time the zirconium dissolves at 
rates >85 mg/(cm’)(min). 


Dissolution of Zirconium —Low Uranium Alloy 
in Hydrofluoric—Nitric Acid Mixtures. Unir- 
radiated zirconium—low uranium alloy and 
reactor-grade zirconium were successfully dis- 
solved in boiling mixtures of hydrofluoric acid— 
1M nitric acid,"* Intermittent additions of con- 
centrated hydrofluoric acid were made to the 
solutions in order to limit the concentration of 
“free” hydrofluoric acid in solution to <0.1M, 
Average penetration rates of 4.5 mils/hr were 
obtained, and the maximum off-gas rates per 
Square foot of surface were calculated to be 
about 0.03 scfm. During dissolution of the 
zirconium—low uranium alloy, the average 
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Fig. Ill-4 ARCO process tentative flow sheet. '* 


composition of the off-gas was 8 per cent hy- 
drogen, 18 per cent nitrogen, 50 per cent nitric 
oxide, 23 per cent nitrous oxide, and 1 per cent 
miscellaneous trace gases. 


Electrolytic Dissolution of Zircaloy-Clad 
Molybdenum-Uranium Alloy, At Savannah 
River the electrolytic dissolution of unirradi- 
ated Detroit Edison core elements and of 
Zircaloy-2 was successfully demonstrated on a 
laboratory scale.’® Unirradiated Detroit Edison 
core elements (uranium—10 per cent molybde- 
num clad with 4 mils of zirconium) dissolved 
satisfactorily in 10M nitric acid when they were 
connected directly to the power source of an 
electrolytic cell with a cathode made of tanta- 
lum, Either a d-c or ana-c power supply worked 
satisfactorily. Less than 0.005 per cent of the 
total uranium was detected in the sludge formed 
during dissolution of the elements, after the 
sludge was leached for 3 hr in fresh, boiling 
10M nitric acid. An average of 14 per cent of 
the tin and zirconium in Zircaloy-2 was dis- 


solved electrolytically; the remainder of the 
tin and zirconium precipitated. 


Stainless-Steel Fuel Elements. Several 
schemes have been proposed for dissolution of 
stainless-steel-clad uranium or uranium diox- 
ide. These include the Darex (dilute aqua 
regia)—Thorex process and the Sulfex-Thorex 
process, which may be used for decanning and 
dissolution of stainless-steel-clad uranium 
dioxide—thorium dioxide fuels such as Consoli- 
dated Edison Thorium Reactor (CETR) fuel. 
Flow sheets have been developed at ORNL” 
for batch dissolution of CETR fuel. Figure III-5 
gives a Darex-Thorex process flow sheet for 
CETR fuel. 

The 20-mil stainless-steel cladding is dis- 
solved in about 3 hr in sufficient boiling dilute 
aqua regia (5M nitric acid—2M hydrochloric 
acid) to yield a solution containing about 50g 
of stainless steel per liter. Water used to rinse 
out the vessel after decladding is combined with 
the cladding solution to produce a waste solution 
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Fig. Il1-5 Decladding and dissolution of Consolidated Edison reactor fuel by the Darex-Thorex 
20 
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Fig. UI-6 Decladding and dissolution of Consolidated Edison reactor fuel by the Sulfex-Thorex 


process.”° 
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containing about 40 g of stainless steel per 
liter. Soluble uranium losses from fuel pellets 
of >90 per cent of the theoretical density are 
expected to be <0.1 per cent; however, if losses 
are higher, virtually all the uranium can be re- 
covered by contacting the cladding solution, 
once it is freed of chloride, with 30 per cent 
tributyl phosphate (TBP) in Amsco. Nitric and 
hydrochloric acids can be recovered by con- 
densing the gases evolved during decladding and 
chloride removal. 

Complete batch dissolution of the core in boil- 
ing 13M nitric acid—0.04M sodium fluoride-— 
0.04M aluminum nitrate will probably require a 
minimum of 25 hr if the density of the pellets is 
>90 per cent of the theoretical density. A mini- 
mum of 200 per cent stoichiometric excess* 
of acid will be required. Repeated digestions 
with fresh dissolvent may decrease the time 
required for complete dissolution, but a more 
dilute product can be obtained. Under the con- 
ditions shown in the flow sheet, the product 
contains 1M thorium and about 9M nitric acid. 
Thorium and uranium may be separated and 
decontaminated from fission products by any of 
several solvent-extraction processes. 

Figure III-6 shows a Sulfex-Thorex flow sheet 
for CETR fuel. The 20-mil stainless-steel clad- 
ding is dissolved in about 6 hr in a minimum of 
200 per cent excess of boiling 6M sulfuric acid. 
Ideally, the reaction would be initiated with boil- 
ing 6M sulfuric acid and the solution diluted to 
4M sulfate shortly thereafter. This technique 
results in less corrosion of the dissolver and 
minimizes the possibility of precipitation of 
stainless-steel sulfates during decladding. How- 
ever, in cases where stainless steel is passive 
even to boiling 6M sulfuric acid, it may be 
necessary to initiate the reaction with 12M sul- 
furic acid, a technique which results in severe 
corrosion of Nionel. Ultimately, a waste solu- 
tion containing about 55 g of stainless steel per 
liter will be produced. The uranium loss to the 
decladding solution should be <0.1 per cent if 
the density of the core pellets is >90 per cent 
of the theoretical density. 





*Acid excesses are computed from the reactions 


ThO, + 4HNO; — Th(NO;), + 2H,O 
2U0, + 6HNO; — 2U0,(NO;), + NO + NO, + H,O 


assuming the pellets to be 95 per cent ThO). 


After the decladding step the dissolver is 
washed clean of sulfate prior to core dissolu- 
tion. The method of core dissolution is identi- 
cal with that used after Darex decladding, ex- 
cept that the aluminum concentration in the 
dissolvent must be about 0.1M to prevent ex- 
cessive corrosion of the Nionel dissolver. 


Dissolution of Aluminum-Plutonium Silicon- 
Nickel Alloy Fuel Elements in Boiling Nitric 
Acid—Mercuric Nitrate Solutions. At Hanford 
a study of aluminum-plutonium alloy dissolu- 
tion rates in nitric acid—mercuric nitrate dis- 
closed that considerable hydrogen gas was 
evolved. Data for the amount of this gas evolu- 
tion are available.”! 

Experiments were performed on a silicon- 
plutonium-aluminum alloy and on a nickel- 
plutonium-aluminum alloy to determine the 
amounts of hydrogen gas evolved when the alloys 
are dissolved in boiling nitric acid—mercuric 
nitrate solutions. The composition of the two 
alloys used is shown in Fig. III-7. 
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Fig. III-7 Volume per cent hydrogen in off-gas from 
dissolution of aluminum-plutonium alloys in 1M to 6M 
nitric acid—0.002M mercuric nitrate solutions,” 
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Alloy specimens were in the form of right 
circular cylinders '/, in. indiameter by ‘/, in. in 
height. In each experiment a previously unex- 
posed alloy cylinder was activated by a 1-min 
exposure in boiling 1.0M nitric acid—0.002M 
mercuric nitrate solution. Alloy dimensions 
were determined, and the piece was then im- 
mersed in 500 ml of boiling 1M to 6M nitric 
acid—0.002M mercuric nitrate solution of the 
desired acidity. Dissolution was allowed topro- 
ceed for 2 min to sweep air from the reaction 


vessel and from the line leading to the gas bu- . 


rette. Then, in each case, about 90 ml of off- 
gas was collected in a measured time over 
mercury in a gas burette equipped with a level- 
ing bulb. The gas was allowed to cool until con- 
stant volume was attained. Temperature and 
barometric pressure were noted. Hydrogen con- 
tent of the gas was determined mass spectro- 
metrically. 

For both alloys the amount of hydrogen 
evolved decreased with increasing dissolvent 
acidity (Fig. II-7). At nitric acid concentrations 
above 4.0M, the off-gas from both the silicon 
and nickel alloys contains only about 1 to3 vol.% 
hydrogen. At lower acid concentrations, more 
hydrogen is produced from the silicon alloy 
than from the nickel alloy. 


Dissolution of Dejacketed Material 


If fuel jackets can be removed mechanically 
or chemically, or if the fuel is sheared into 
pieces, a simpler dissolution of the core may 
be possible than when combined jacket-core 
dissolution is carried out. 


Dissolution of Uranium —Molybdenum Alloys. 
In studies at ORNL’ the initial rate of dissolu- 
tion of uranium—3 per cent molybdenum alloy 
was measured in boiling nitric acid—phosphoric 
acid and nitric acid—ferric nitrate solutions. In 
8M and 10M nitric acid, the rate passed through 
a maximum when the phosphoric acid concen- 
tration was 0.25M; however, at all phosphoric 
acid concentrations up to 1M, the rate was ac- 
ceptably high [between 60 and 300 mg/(cm’) 
(min)]. In 8M and 10M nitric acid solutions con- 
taining up to 1M ferric nitrate, the initial rate 
of dissolution varied between 140 and 310 mg/ 
(cm*)(min). In uranium-molybdenum core dis- 
solvents containing ferric nitrate, the corrosion 
rate of titanium was <0.1 mil/month over a 


620-hr exposure. 


The rate of dissolution of uranium-molyb- 
denum alloys in boiling nitric acid was maxi- 
mum when the molybdenum content of the alloy 
was 3 per cent.® In 5M nitric acid, uranium and 
uranium—8.4 per cent molybdenum alloy dis- 
solved at rates of 3 and 10 mg/(cm’)(min), re- 
spectively; uranium—3 per cent molybdenum 
alloy dissolved at a rate of about 43 mg/(cm’) 
(min). 

In the dissolution of uranium—10 per cent 
molybdenum alloys in nitric acid, a molybdate 
precipitate forms. Data reported in a previous 
Review? showed that phosphate ion prevented 
precipitation by forming a complex with molyb- 
date ion. At 25°C the solubility of the molybdate 
precipitate resulting from the dissolution was 
generally highest in solutions where the nitric 
acid concentration® was about 6M. At each nitric 
acid concentration, the solubility increased with 
increasing phosphoric acid concentration. In 
6M nitric acid the solubility increased from 50 
to 240 g of alloy per liter asthe phosphoric acid 
concentration increased from zero to 1M. 


Dissolution of Uranium-Graphite Fuels. 
Studies were made on the 90 per centnitric acid 
disintegration—leach process on an unirradi- 
ated General Atomic prototype fuel specimen 
2'/, in. in diameter by '/, in. thick.’ The sample 
had a 1.5-in.-diameter inert-graphite core sur- 
rounded by a ¥,-in. active annulus containing a 
graphite-metal dicarbide mixture. The fuel par- 
ticles were 150 yp in diameter, and the mixture 
contained 1.18 per cent uranium and 14.3 per 
cent thorium. Uranium and thorium recoveries 
after two room-temperature leaches with 90 
per cent nitric acid were both 90 per cent. The 
graphite was washed with water after each 
leach. The reaction off-gas was a mixture of 
nitrogen oxides and carbon oxides. The leach 
solutions were dark red and contained carbon. 
Addition of 30 per cent hydrogen peroxide to 
the hot leach solution lowered the carbon con- 
centration from 0.86 to 0.34 mg/ml. Hydrogen 
peroxide was more effective in decreasing the 
carbon content than either 70 per cent perchlo- 
ric acid or 2.5N potassium permanganate. 

Leaching studies of various uranium or ura- 
nium oxide—graphite fuels have shown that, in 
general, boiling 90 per cent nitric acidisa good 
leaching agent, giving >99 per cent uranium re- 
coveries in most cases.** 

Reaction of 1 g of uranium monocarbide con- 
taining 2 to 5 per cent alpha-uranium metal with 
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water at 90°C in a helium atmosphere yielded 
0.55 millimole of hydrogen, 3.58 millimoles of 
methane, 0.11 millimole of ethane, and 0.03 
millimole of propane.”*’ The uranium product 
was an amorphous solid which, after dissolution 
in hydrochloric acid, was at least 90 per cent 
U(IV). No nonvolatile carbon was found, but the 
technique for carbon determination in hydro- 
chloric acid is not very sensitive. Thus the 
principal reaction of uranium monocarbide with 
water at 90°C appears to be UC +2H,O — UO, + 
CH,. 


Dissolution of Thorium Oxide — Uranium Diox- 
ide Fuels. In dissolution tests on high-density 
Universal Match Company thorium dioxide— 
uranium dioxide pellets in boiling 15.8M nitric 
acid—0.01M aluminum nitrate—0.04M sodium 
fluoride, the study of operation with a mixed- 
oxide heel was continued.’ A 660-g batch of 
thorium dioxide—uranium dioxide was 95.5 per 
cent dissolved in 31.5 hr; a second 660-g batch 
of thorium dioxide—uranium dioxide was then 
added and reacted for 32 hr, leaving a cumula- 
tive heel of 6.5 per cent. 

In tests with a modified Thorex dissolvent 
containing 15M nitric acid—0.1M F -—0.2M 
Cr**+, the dissolution rate of thorium dioxide— 
2.6 per cent uranium dioxide pellets of 92 per 
cent of the theoretical density was the same as 
in normal Thorex dissolvents (5.4-g pellet in 
~60 hr).' 


Dissolution of Beryllium Oxide Fuels. The 
fuel for the Gas-Cooled Reactor Experiment 
(GCRE) is Hastelloy-X-clad 70 per cent uranium 
dioxide—30 per cent beryllium oxide. Methods 
of dissolving this fuel are being sought atORNL 
(see page 12 for decladding studies on this fuel). 
Beryllium metal dissolved in boiling 6M sodium 
hydroxide and 4M nitric acid—0.05M sodium 
fluoride; the initial rates of dissolution were 2 
and 8 mg/(cm’)(min), respectively.’ The most 
effective aqueous dissolvent yet found for sin- 
tered beryllium oxide (about 95 per cent of the 
theoretical density) is boiling 5.8M NF,HF,; 
beryllium oxide dissolved at an initial rate of 
1.7 mg/(cm?)(min). 

Processing of beryllia containing ceramic 
fuels is also being studied at ICPP.'’ Experi- 
ments to study the feasibility of a grind-leach 
flow sheet for processing beryllium-containing 
ceramic fuels have been initiated. Leaching 
uranium with nitric acid from the pulverized 
fuel has been examined in some scoping experi- 


ments as a function of fuel particle size, nitric 
acid concentration, and leaching time. Leaching 
appeared to proceed at a practicable rate (not 
given), and solutions containing as high as 32 g 
of uranium per liter have been obtained using 
3M nitric acid as the leaching solution. 

Dissolution of the unground beryllia-con- 
taining fuel was effected with 12M sulfuric acid 
at boiling temperatures." A fine greenish-white 
residue, which has not yet been identified, re- 
mained after dissolution. A solution of 12M 
sulfuric acid—5M nitric acid had little effect on 
the fuel in a 12-hr exposure, indicating an in- 
hibiting action of the nitric acid. 


Effects of Fuel Burnup on the Dissolution 
Process. Reference 23 summarizes informa- 
tion on the effects of nuclear fuel burnup on dis- 
solution rates and uranium losses of a few fuel 
types. Tentatively, the following conclusions 
may be stated: Burnup to the 40 per cent level 
has very little effect on the rate of solution of 
stainless steel—uranium dioxide fuel elements 
in solutions of the Darex type; beyond passiva- 
tion, which can easily be eliminated, burnup to 
the 250 Mwd/ton level probably has no large ef- 
fect on the rate of decladding or on the uranium 
losses in the Sulfex process; burnup to the 15 
per cent or 4300 Mwd/ton level has little or no 
effect on the rate of decladding, the uranium 
losses, and the plutonium losses in the Zirflex 
process. Two other effects (namely, air oxida- 
tion of irradiated uranium dioxide and prolonged 
contact of this oxide with Sulfex solutions in the 
absence of actively dissolving stainless steel) 
appear to be much more serious sources of loss 
of uranium. 


Precipitation Processes 


In addition to the work at Savannah River on 
precipitation processes reported in the previ- 
ous Review," considerable work is being 
carried out at ICPP’*""»** on a barium fluozir- 
conate precipitation head-end process. Barium 
fluozirconate precipitation has been studied as 
a possible means of simultaneously removing 
both zirconium and fluoride from hydrofluoric 
acid—zirconium fluoride solutions during the 
processing of zirconium-uranium alloy reactor 
fuels. The existing zirconium process used at 
ICPP for high zirconium —uranium alloy fuel is 
burdened with excessively large waste-storage 
volumes. A barium fluozirconate precipitation 
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process has potential as a means of converting 
the bulk of the waste to a solid, thus allowing 
concentration of the highly radioactive liquid 
waste to a small volume for storage. By re- 
moving zirconium and fluoride in a head-end 
step, the extraction-column feed can be con- 
centrated, thereby greatly increasing the ura- 
nium throughput of extraction columns. 

Based on data obtained, flow sheets have been 
developed for head-end precipitations with bar- 
ium nitrate, alkaline barium compounds, and 
barium fluoride—barium nitrate mixtures.” 
These involve dissolution in a 12.0M hydroflu- 
oric acid solution containing 0.06M hydrogen 
peroxide, with the appropriate precipitating re- 
agent added. 

It is concluded that the head-end precipita- 
tion of the bulk zirconium from a portion of the 
fission products and all the uranium, followed 
by, concentration of the extraction-column feed, 
has considerable potential for an improved zir- 
conium process. The small volume of barium 
fluozirconate waste can be dried at relatively 
low temperatures, compared to fluid-bed cal- 
cination, and the uranium stream can be proc- 
essed in existing TBP-extraction equipment at 
high throughputs. 

Further studies were recommended?’ to de- 
fine the behavior of fission products, the effects 
of corrosion by the process streams on con- 
struction materials, and the handling and stor- 
age characteristics of the precipitates. Some of 
these studies have been made.’**’ 

Work has been completed characterizing 
fission-product distribution during the precipi- 
tation of barium fluozirconate from solutions 
formed by the dissolution of uranium — Zirca- 
loy-2 in hydrofluoric acid—hydrogen peroxide 
systems.'*.'° It was previously reported that 
strontium and cerium are carried quantitatively 
with the precipitate and that 20 per cent of the 
cesium is carried; ruthenium goes almost en- 
tirely with the filtrate. The behavior of other 
fission products has not been characterized; 
barium fluozirconate precipitates washed with 
0.1N nitric acid carry down almost 90 per cent 
of the Zr®®, 80 per cent of the Y, and 5 per 
cent of the Nb*®. Fission products and uranium 
are washed from the precipitates with 0.1N 
nitric acid as effectively as with 0.1N nitric 
acid, 

The reaction time required for the precipi- 
tation of barium fluozirconate at low tempera- 
tures is being studied for solid alkaline barium 


precipitates."* This is of particular interest 
because low corrosion rates were obtained at 
35°C for Carpenter-20 and types 347 and 304L 
stainless steel in solutions from proposed bar- 
ium fluozirconate flow sheets. Barium oxide 
is not suitable because excessive heat is pro- 
duced when the reagent is added to hydrofluoric 
acid solutions of zirconium. Barium peroxide 
has an extremely slow reaction rate at 25°C. 
Precipitation with barium hydroxide removed 
50 per cent of the zirconium in 30 to 60 min at 
25°C from solutions containing a fluoride-to- 
zirconium mole ratio of either 5 to 1 or 6 to 1. 
A 5°C increase in temperature occurred at the 
beginning of the reaction. As shown previously, 
barium nitrate addition will be required to ob- 
tain adequate zirconium removal in a head-end 
process. The reaction time required with solid 
barium nitrate at 25°C is under investigation. 

Alternatives to barium fluozirconate precipi- 
tation were sought as a method for removing 
zirconium from hydrofluoric acid process 
solutions. Of the methods studied, removing 
zirconium as a salicylate precipitate or as a 
hydrolysis product by boiling with paraformal- 
dehyde and/or formic acid seemed to be the 
most attractive. These two methods have not 
been studied in more detail. The salicylic acid 
system is not reproducible under the conditions 
used; the high zirconium recovery previously 
reported” using salicylic acid could not be re- 
peated in the more recent work. The best zir- 
conium recovery, 80 per cent, was obtained by 
boiling dissolver solution for 6 hr with various 
concentrations and combinations of paraformal- 
dehyde and/or formic acid. However, over 99 
per cent of the zirconium was recovered by 
stirring hydrofluoric acid dissolver solutions 
with sodium formate at room temperature. 
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Section 
IV ON FUEL PROCESSING 





Solvent Extraction 


Modifications of the Purex 
and Redox Processes 


Plans for the interim processing of nonproduc- 
tion fuels (NPF) are based wholly on either the 
Purex (TBP extractant) or Redox (methyl iso- 
butyl ketone extractant) process or a combina- 
tion of the two processes. In view of the facts 
that these fuels are irradiated to considerably 
higher burnups than production reactor fuels 
and, that, in many cases, they contain alloying 
elements, it has been necessary to devote con- 
siderable effort to the development of modifica- 
tions of the basic processes. In general, these 
modifications seek to minimize radiation damage 
to the ‘solvent and to provide adequate decon- 
tamination in foreign chemical environments. 

In the development of processes for nonpro- 
duction fuel of high enrichment, the problems of 
criticality control require careful consideration. 
One means of control is to limit the amount of 
uranium in the system by reducing its TBP con- 
tent, and thereby limiting the maximum uranium 
loading capacity of the solvent. Uranium distri- 
bution data are systematically being obtained on 
kerosene-diluted solvents containing 5 to 20 per 
cent TBP. A summary of data obtained to date 
covering uranium extraction from nitric acid 
solution with 5, 10, 15, and 20 per cent TBP in 
Amsco 125-82 is available. These data cover 
uranium concentrations in the aqueous phase 
from 0.1 g/liter to more than 300 g/liter.’” 
Batch studies of fission-product decontamina- 
tion comparing 5 and 15 per cent TBP at 68 to 
61 per cent uranium saturation showed that the 
decontamination factor dropped by a factor of 2 
as the TBP concentration was increased from 5 
to 15 per cent.” 
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The assessment of flow-sheet conditions for 
processing the Consolidated Edison fuel, 95 per 
cent thorium dioxide—5 per cent uranium diox- 
ide, continues to be of interest. More data have 
been published covering the distribution of ura- 
nium and thorium between zero and 0.2M nitric 
acid solutions containing 100 to 200 g of thorium 
per liter and 30 per cent TBP in kerosene.’ 
Flow sheets based on extraction with 10 to 40 
per cent TBP were compared. Extraction with 
10 and 20 per cent TBP gave the best decon- 
tamination but excessively high thorium losses, 
Solutions containing 30 and 40 per cent TBP 
gave lower decontamination but negligible tho- 
rium losses. There are certain advantages in 
the use of 40 per cent TBP, namely, a decreased 
volume of aqueous wastes, a decrease in the 
acid requirements for salting, and a probable 
increase in plant capacity by as much as 30 per 
cent.’ Selected data for the various acid Thorex 
processes are presented in Table IV-1. (Note: 


Table IV-1 ACID THOREX PROCESS: 
SELECTED DATA? 


(Flow Ratios: Feed/Scrub/Acid/Solvent = 1/1/1/7 
for All Systems) 





10% 20% 30% 40% 
TBP* TBP* TBP* TBP* 





Feed: 
Th, g/liter 95 196 278 362 
U, g/liter 5.7 11.2 16.2 21.5 
H*, M 0.1 0.13 0.16 0.1 
Organic product 
Th, g/liter 2.5 19.4 40 50 
Thorium loss, % 77 7.6 0.08 0.005 
Decontamination 
factor (y): 
Ru >3600 ~2700 600 342 
Zr-Nb 1600 3180 900 900 
Pa 50 140 100 220 





*In Amsco-diluted extractant. 
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Thorex decladding and dissolution flow sheets 
are given in Sec. III, pages 15 to 17.) Purex 
processing of highly irradiated plutonium alloys 
will probably involve extraction with TBP and 
neutralization of the aqueous raffinate, followed 
by extraction of americium and curium with 
TBP. The latter extraction will also remove 
rare earths which behave similarly to the acti- 
nides. Preliminary tests showed that distribu- 
tion coefficients for cerium and europium be- 
tween 30 per cent TBP and aluminum nitrate 
solution increased from 3.2 to 480 for europium 
and from 1.8 to 180 for cerium asthe aluminum 
nitrate concentration‘ was increased from 1M 
to 2M. 

A National Lead Company of Ohio (NLCO) 
publication’ describes in detail a very interest- 
ing liquid-liquid extraction process for the re- 
covery of slightly enriched (0.94 per cent U**) 
uranium from a slurry feed. The slurry, con- 
taining about 25 per cent solids, was produced 
by the dissolution of slag-liner residue from the 
bomb reduction process. Alumina was used to 
complex fluoride in the slag, and, as a result, 
the feed solution contained about 1.5M aluminum 
nitrate. The most satisfactory flow sheet em- 
ployed an extractant of 15 per cent TBP in kero- 
sene and a feed slurry containing 25 to 30 g of 
uranium per liter, 1M nitric acid, and 1.5M 
aluminum nitrate. 


Studies of Alternate Extractants 


Interest continues to mount in a variety of or- 
ganonitrogen and organophosphorus compounds 
aptly described as liquid ion-exchange resins. 
This interest stems largely from the ability of 
these reagents to extract uranium from a variety 
of acid media. At the present time, alkyl amines 
and alkyl phosphoric acids are in use at produc- 
tion facilities as extractants of uranium from 
ore leach liquors. In the processing of highly 
irradiated fuel, however, their application must 
await further testing, particularly with respect 
to radiation resistance. In addition, they must 
demonstrate considerable economic advantage 
to justify their replacement of the Purex and 
Redox processes. Currently, there are no firm 
plans to employ these alternate extractants in 
the processing of any reactor fuel. 

In the United States the bulk of the studies of 
alternate extractants has been conducted at 
ORNL. Since 1952, ORNL has evaluated over 
200 organonitrogen compounds. Screening tests 


conducted during the interval 1957 through 1960 
are summarized in reference 6. Each reagent 
was first tested for its ability to extract ura- 
nium. Satisfactory extractants were then tested 
for other important properties, such as diluent 
compatibility, aqueous solubility, and uranium 
Selectivity. The findings of this study can be 
roughly classified as follows: 

1. Branched chain primary amines gave good 
uranium extraction and phase separation. 

2. Straight chain amines were poor uranium 
extractants. Alkyl ether amines formed perma- 
nent emulsions. 

3. Branched chain secondary amines were 
good extractants in both kerosene and benzene, 
but they were unsatisfactory in chloroform 
diluent. 

4. Straight chain secondary amines were good 
extractants in chloroform, but they were poorer 
by a factor of 10 in kerosene and benzene. 

5. The tertiary amines, both straight and 
branched chain, were excellent extractants in 
kerosene, kerosene-alcohol, and benzene, but 
they were relatively poor in chloroform. 

6. Quaternary ammonium compounds were 
poor extractants. 


Evidence of considerable Italian and French 
interest in alternate extractants is apparent 
from current publications. Data obtained by 
French workers on the extraction of plutonium 
and fission products from nitric acid solution 
by 0.17M trilaurylamine (TLA) in dodecane are 
presented in Fig. IV-1. These findings show 
that the distribution coefficient for tetravalent 
species increased with increasing atomic num- 
ber. Table IV-2 shows that, in 2M nitric acid, 
satisfactory separation factors are available for 
isolating plutonium from most actinides and 
from typical fission products. Other data (Fig. 
IV-2) show the pronounced effect of uranium on 
the plutonium distribution coefficient, which is 
reduced by a factor of 4 as the uranium concen- 
tration is increased from zero to 100 g/liter. 
The various extracted complexes show limited 
solubility in the diluent, but the solubility can 
be increased considerably by the addition of 5 
per cent octyl alcohol. The authors conclude 
that TLA shows promise as an extractant for 
plutonium fuels, with little or no uranium pres- 
ent, or for plutonium-uranium fuels after the 
partition cycle.’ 

Additional data on long-chain tertiary amine 
extractants have been published by Italian 
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Fig. IV-1 Distribution coefficients for the extraction 
of several actinides by TLA." 


Table IV-2 SEPARATION FACTORS FOR Pu(IV) 
FROM VARIOUS TETRAVALENT ACTINIDES 
AND FISSION PRODUCTS’ 


(Extractant: 0.17M TLA in Dodecane; Aqueous 
Phase: 2M HNO;) 





Separation factor 





Substance (E$ Pu/ES substance) 
Th(Iv) 100 
Pa(IV) 500 
UO, (II) 600 
Np(IV) 4 
NpO, (I) >2 x 108 
NpoO, (II) 90 
Pu(II) 10° 
Am(III) 10° 
Ce(III) 105 
Zr(IV) 104 
Ru(IV) ~5~x 10° 





workers.’ The amines studied were tri(iso- 
octyl)jamine (TIOA) and three commercial mix- 
tures, Alamine 336 (General Mills), XE-204 
(Rohm and Haas), and Odogen 363 (Archer and 
Daniel). Distribution ratios were determined for 
extraction with 10 per cent amine in Solvesso- 
100 modified with 5 per cent nonyl alcohol, for 
nitric acid, uranium, and various fission prod- 
ucts obtained from Purex aqueous waste. The 
range of variables studied was nitric acid, zero 
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Fig. IV-2 Effect of uranium on the extraction of 
Pu(IV) by TLA.’ 


to 10M; uranium, zero to 1.5M; and amine con- 
centration, 0.05M to 0.5M. In extraction from 
1M nitric acid containing tracer levels of ac- 
tivity, decontamination factors for beta activity 
varied from 850 for Odogen 363 (a mixture rich 
in TLA) to 410 with TIOA. In comparison, the 
decontamination factor obtained using TBP was 
137. Fission-product decontamination factors 
for individual fission products were in excess 
of 10° for cesium and the rare earths, 1200 for 
ruthenium, rhodium, and niobium, and 2.5 x 10‘ 
for zirconium. This work confirms previous 
findings by other investigators indicating rela- 
tively poor ruthenium decontamination by terti- 
ary amines.° 

In other studies, Pu(IV) isotherms, reported 
for plutonium recovery by extraction with 0.3M@ 
TLA and other tertiary amine, were correlated 
by the following empirical expression:* 


ER = ©2500 (Mamine — 4Mp,)" 


Stable organic phases were noted to loadings of 
15 g/liter for 0.3M amine (TLA and Alamine 
336 diluted with Solvesso-100 containing 10 
per cent tridecanol). Somewhat lower solubility 
limits were observed with Amsco—5 per cent 
tridecanol diluent. 

In studies of organophosphorus alternate ex- 
tractants, di-2-ethylhexyl phosphoric acid 
(D2EHPA) has received the most attention and 
is now employed in production facilities for 
the recovery of uranium from ore.’ Stripping 
uranium from the solvent with sodium carbonate 
solution has not been completely satisfactory. 
The principal difficulty in D2EHPA stripping is 
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the low solubility of its sodium salt (Na D2EHP) 
in kerosene."! The solubility of Na D2EHPA in 
diluent can be increased slightly by the addition 
of sodium nitrate, as shown in Table IV-3. A 
survey of a large number of solvents shows that 
some solvents provide a considerable increase 
in solubility, as noted in Table IV-4. A novel 


Table IV-3 SOLUBILITY OF D2EHPA SODIUM SALT 








IN BENZENE" 
Aqueous-phase Na D2EHP 
NaNO,, M solubility, M 
0.4 0.001 
1.0 0.013 
2.0 0.057 
3.0 >0.5 
6.0 >0.5 





Table IV-4 SOLUBILITY OF D2EHPA SODIUM SALT 
IN VARIOUS DILUENTS" 








Diluent Solubility, M 
n-Butyl ether 1.0 
Dibutyl carbitol 1.0 
Diisobutyl 1.0 
sec-Butyl benzene 0.002 





technique has been developed on a bench scale 
wherein uranium is precipitated directly from 
the organic phase as ammonium uranyl tricar- 
bonate (AUT).'® This process was developed 
primarily for ore processing. The stripping 
solution (0.9M to 1.6M in ammonium carbo- 
nate) is contacted with uranium-loaded D2EHPA 
[0.1M D2EHPA—0.05M diamylamyl] phosphonate 
(DAAP) in kerosene]. The precipitated AUT is 
separated by filtration and converted directly to 
U;0, by calcination at 300 to 500°C. This tech- 
nique is also applicable to amines and other 
organophosphorus compounds, such as TBP and 
alkyl phosphonates. 

D2EHPA is also an excellent extractant for 
Pu(IV) from nitric acid solution. Typical pluto- 
nium extraction coefficients are given in Table 
IV-5. Extraction coefficients for Pu(VI) varied 
with the square of the D2EHPA concentration 
and with the inverse square of the acidity. Ex- 
traction coefficients for Pu(IV) were a factor of 
1000 lower than those for Pu(VI), and extraction 
coefficients for Pu(III) were even lower. 

Work continues on the development of aproc- 
ess for the recovery of strontium and rare- 
earth activities from tartrate-complexed 


Table IV-5 PLUTONIUM EXTRACTION WITH 
D2EHPA-KEROSENE EXTRACTANT"! 








Extractant 
coefficient, 
Extracted species Extractant ES 
Pu(IV) in 1M HNO, 0.1M D2EHPA ~2500 
Pu(VI) in 4M HNO, 0.1M D2EHPA ~10 
Pu(IV) in 1M HNO, 
and 5M NaNO, 0.1M D2EHPA ~3000 
Pu(VI) in 4M HNO, 0.1M D2EHPA; ~6 
2% tridecanol 
Pu(VI) in 4M HNO, 0.1M D2EHPA; ~60 
2% tridecanol; 


0.05M TOPO 





caustic-adjusted Purex waste by extraction with 
D2EHPA." In the most recent tests, waste so- 
lution (1M in tartrate to prevent iron precipita- 
tion and adjusted to pH of 5.5 + 0.5 with caustic) 
was treated with an extractant consisting of 
0.3M D2EHPA and 0.15M TBP in Amsco 125-82. 
Strontium and rare earths were stripped from 
the extractant with 2M nitric acid, andthe aque- 
ous product was fed to a second cycle after ad- 
justment of the pH to about 2 with caustic. Rare 
earths and strontium are partitioned in the sec- 
ond cycle by stripping strontium with 1.2M so- 
dium nitrate and the rare earths with 2M nitric 
acid; Testing of this flow sheet with Ce'‘ and 
Sr'® tracer showed a rare-earth-to-strontium 
separation factor of 2.5 x 10‘, arare-earth con- 
centration factor of 20, and a strontium concen- 
tration’ factor of 70. 

A topical report is available onthe separation 
of transplutonium and rare-earth elements by 
liquid-liquid extraction. Since most of this 
work has been mentioned in previous Reviews, 
only the highlights of the process are mentioned 
here. The process is being developed for the 
recovery of Pu’”?, Am*‘*, and Cm” from highly 
irradiated Pu’®®, Americium and curium were 
separated from rare earths by extraction from 
10M lithium chloride—0.5M to 1.0M hydrochlo- 
ric acid solution with 0.5M mono-2-ethylhexyl 
phosphoric acid (M2EHPA) in xylene diluent. 
Distribution data for the actinides and rare 
earths of interest are shown in Fig. IV-3. De- 
pending on the flow rates and flow ratios em- 
ployed, americium can be separated from all 
rare earths, or americium and curium can be 
separated from all rare earths except lantha- 
num, !3 

Some British data are available on the use of 
DAAP as a replacement for TBP in the Purex 
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Fig. IV-3 Distribution coefficients for various rare 
earths in the M2EHPA and LiC1-HC! systems.” 


process.'‘ The diluent used, descriptively called 
odorless kerosene (OK), is a carefully controlled 
fraction free of olefins and aromatics. Tests 
conducted with actual separation-plant feed so- 
lution showed DAAP to be a superior extractant 
for uranium and plutonium but a poor performer 
with respect to decontamination from gamma 
activity. Some representative data presented in 
Table IV-6 show that DAAP would not be a sat- 
isfactory replacement for TBPinthe processing 
of irradiated fuels.'‘ 


Table IV-6 REPRESENTATIVE PARTITION DATA 
COMPARING DAAP AND TBP (20 VOL.% OK)" 





Uranium conc. at 
equilibrium in 
aqueous phase, 


Distribution 
coefficient, E? 








Solvent g/liter Uranium y activity 
DAAP 20.6 2.36 0.07 
TBP 26.4 1.55 2.5x 10 
DAAP 1.91 11 0.35 
TBP 5.43 3.76 3.8 x 107 





In studies of the use of di-sec-butylphenyl 
phosphonate (D-s-BPP) in the Purex codecon- 
tamination cycle, erratic behavior of plutonium 
has been observed.'® Batch studies showed that 


only by very careful feed preparation could ex- 
cessive plutonium losses be avoided. The feed 
preparation procedure developed to ensure com- 
plete plutonium extraction by 1M D-s-BPP in 
Solvesso-100 required the addition of 0.025M to 
0.05M aqueous nitrate, followed by digestion at 
50°C for 1 hr. 


Solvent Degradation 


Degradation of process solvents as a result 
of chemical and radiation damage yields many 
products deleterious to solvent-extraction proc- 
essing. Studies at Stanford Research Institute 
(SRI), which are reported in a semiannual re- 
port,’® are concerned with the effects of radia- 
tion in mixed solvent-extraction systems con- 
taining various combinations of acids, water, 
Amsco 125-82, Solvesso-100, and TBP. 

Inasmuch as this work was performed under 
subcontract to ORNL and is reported in its 
monthly reports, most of the highlights have 
been mentioned in previous Reviews, particu- 
larly the October 1960 issue.'’ Among the work 
not previously discussed is the destruction of 
nitric acid by radiation.'® The irradiation sam- 
ples of TBP-Amsco equilibrated with 2M nitric 
acid showed that radiolytic damage to nitric 
acid in such systems is substantial and is tem- 
perature dependent. At temperatures of 25 to 
35°C for 0.752M and 1.505M TBP, the nitric 
acid destroyed was 74.6 and 69 per cent, re- 
spectively, for 10°‘ ev (330 to 400 watt-hr/liter) 
irradiation. Under comparable conditions but at 
70 to 80°C, the percentage destruction of nitric 
acid was 98.6 and 98.2, respectively.'® 

After a critical review of the radiolysis data 
obtained in initial studies, SRI concluded that 
improved methods were desirable for the quan- 
titative determination of very small quantities 
of organic phosphate and phosphoric acid pro- 
duced by TBP degradation. A satisfactory proc- 
ess was developed, based on ascending paper 
chromatography to separate trace quantities of 
dibutyl phosphate (DBP), monobutyl phosphate 
(MBP), and phosphoric acid followed by neutron- 
activation analysis. The analytical technique is 
capable of the quantitative determination of as 
little as 0.1 ug of phosphorus."® 

Certain anomalous radiolysis results were 
explained by a careful comparison of various 
lots of Amsco 125-82 used in the 1957 through 
1960 studies."* G values noted in Table IV-7 
show that considerable variation in quality may 
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Table IV-7 VARIABILITY NOTED IN RADIOLYSIS 
OF DIFFERENT LOTS OF AMSCO 125-82 
Grams . , 
G values* 
of iodine —__——— — Ratio 
absorbed Double of methane 
per 100g Total bonds to hydrogen 
Lot of sample gas (C=C) formation 
1 4.6 0.22 
2 ~1.7 2.7 3.5 
3 7.9 1.8 2.8 0.03 
4 8.2 1.7 3.5 0.20 
*Molecules formed per 100 ev of irradiation. 


exist between different lots of Amsco 125-82. 
Lot 3 is noteworthy because the relatively high 
contamination with unsaturated components, as 
evidenced by the iodine number in combination 
with other unknown factors, apparently exerted 
a significant protective effect against radiation 
damage.'® 

As more experimental data become available, 
a mounting body of evidence is being accumu- 
lated showing diluent degradation products to 
be more difficult to remove from used solvent 
than those from TBP. Therefore considerable 
attention is being given to the nitroparaffin re- 
action products of hydrocarbon diluents and 
nitric acid. Nitroparaffins of the RNO, type ap- 
parently undergo a tautomeric shift, as noted, 
to an acid form that strongly complexes zirco- 
nium, niobium, and ruthenium in the organic 
phase: '”!9 


RCHNO, = RCNOOH 


Parallel testing of TBP in Amsco 125-82 and 
D-s-BPP in Solvesso-100, both equilibrated with 
nitric acid and irradiated with Co®’, showed that 
nitrohydrocarbons are formed in both aliphatic 
and aromatic diluents. Various methods of sol- 
vent cleanup, scrubbing or absorption, netted 
Similar results; namely, the bulk of the zirco- 
nium-niobium activity was not removed from 
the diluent." 

Infrared measurements have provided a useful 
technique for evaluating the quality of degraded 
solvent.'' Amsco 125-82, thoroughly degraded 
by boiling in 8M nitric acid, was examined by 
infrared analysis. The presence of aliphatic 
nitrohydrocarbons was strongly indicated. When 
the extraction characteristics of degraded sol- 
vent were compared with those of Amsco 125-82 
spiked with nitrohydrocarbons, comparable be- 
havior was noted. These studies indicated ni- 


trooctane as the probable principal degrada- 
tion product responsible for the fixation of 
zirconium-niobium in degraded Amsco. 

The over-all picture of ruthenium retention by 
degraded diluent is complicated by the changes 
in the behavior of ruthenium as the solution is 
aged. No difference in ruthenium extraction be- 
havior was noted in a comparison between fresh 
solvent and solvent significantly altered by 
(1) chemical degradation of the diluent, (2) addi- 
tion of TBP hydrolysis products, or (3) irradia- 
tion of the solvent.'° However, when the solvent 
containing ruthenium was allowed to age for 
several days, a radical change in ruthenium 
behavior was noted. Simple scrubbing tech- 
niques were no longer effective in removing 
ruthenium,!° 

During the interval Nov. 11, 1958, to Nov. 9, 
1959, NLCO subjected to in-plant evaluation the 
use of three criteria for solvent condition as 
indicators of the ease of refinery operation. 
The three criteria were uranium retention, 
emulsion coalescence time, and infrared spec- 
tral analysis. The solvent used in the refinery 
is 33.5 per cent TBP in kerosene in the pulse 
columns and 22.5 per cent TBP in the mixer- 
settler units. Periods of relatively poor solvent 
conditions, readily detectable by the three cri- 
teria, could be correlated with refinery opera- 
tions. The tests of solvent quality also proved 
that routine centrifuging of sodium carbonate 
washed solvent (Report NLCO-775, p. 17) was 
beneficial.”° 

Russian studies’! treating the subject of plu- 
tonium complexing by TBP degradation products, 
MBP and DBP, show the complex to be of the 
form PuR,;,: 

R=[(CyHs),PO,)> or  [(C,HyHPO,)]~ 
Equilibrium constants are presented for 1M to 
6M nitric acid solution of 6.15 x 10° for DBP 
and 1.5 x 10° for MBP on the assumption that 
the complex is formed as follows: 


[PuR,]*4-” + (4—n) HR = PuR, + (4—»)H* 
where n = 1, 2, 3, or 4. 


Plant and Equipment Design 


and Development Operation 


Dissolution Equipment. The Darex process 
is designed to convert stainless-steel-jacketed 
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fuel elements into solvent-extraction feed. The 
various Darex flow sheets proposed involve two 
steps: (1) The total dissolution of the fuel ele- 
ments in a dilute mixture of nitric acid and hy- 
drochloric acid and (2) the removal of excess 
chloride to prevent undue corrosion of the 
stainless-steel processing equipment. The find- 
ings from pilot-plant studies of the batch Darex 
process have been reported by Shefcik.”? A de- 
scription of the dissolver pilot plant is given 
below. 





























Fig. IV-4 Darex pilot plant.”* 


The schematic layout of the Darex pilot-plant 
unit is shown in Fig. IV-4. The dissolver, acid 
receiver, condenser, and interconnecting lines 
are of commercially pure titanium. The rec- 
tangular dissolver is 15 in. wide, 54 in. long, 
and 45 in. high and has a working volume of 
about 300 liters. Water or steam circulating 
through a 40-ft coil of 1-in. titanium tubing is 
used to regulate the solution temperature. The 
downdraft condenser is 6 in. in diameter and 9 
ft long. The cooling water flows through seven 
l1-in.-diameter vertical tubes inside the con- 
denser and through '/,-in. copper tubing coiled 
around the outside of the condenser. The exter- 
nal coil, installed to alleviate thermal stresses, 
was wrapped with aluminum foil prior to lagging. 
Fluorothene Raschig rings in the lower half of 
the condenser vapor passage provide a large 
surface area for the absorption of the oxides of 
nitrogen by the condensate. The noncondensable 
vapors pass through a titanium distributor ring 
submerged in a dilute caustic solution contained 
in a 500-liter stainless-steel tank. From the 


caustic scrubber, the off-gas passes through a 
steam exhaust jet before being discharged to 
the atmosphere. 

The 500-liter acid receiver is used as an 
aqua regia makeup tank and as a condensate re- 
ceiver. A titanium jet, a constant head tank, and 
a glass-lined rotameter are used to meter the 
aqua regia from the acid receiver to the dis- 
solver. Teflon tubing and Penton (chlorinated 
polyether) or PVC (polyvinyl chloride) valves 
are used on the various samplers and in the 
condensate line from the condenser. Polyethyl- 
ene tubing and PVC piping and valving are used 
in the hydrochloric acid piping system. 

A fundamental problem of the Hanford NPF 
program is the design of a dissolver critically 
safe for up to 5 per cent U**°-enriched nonpro- 
duction fuels and having a capacity of 1 ton per 
day. Two basic design concepts have evolved, 
both of which employ a recirculating system in 
which the fuel elements are placed in the criti- 
cally safe geometry separated from the bulk of 
the solution in another vessel. In one concept 
the fuel elements are charged to a set of geo- 
metrically safe cylinders or tubes, and solution 
is circulated through them. In the other concept 
the fuel elements are placed in a flat tray, and 
solution is sprayed over them. In the latter 
system, nuclear safety is obtained by avoiding 
submerged dissolution and the resulting neutron 
moderation by the solution. A study was carried 
out to evaluate the possibility of combining the 
best features of both these concepts into a sin- 
gle system. The results of this study are de- 
scribed and reported by McKee.”* 

The basic trough-tray concept is that a num- 
ber of troughs are combined into a single trough 
by placing them side by side in a horizontal 
plane and connecting the troughs together to 
form a large tray. Each trough is sized to be 
geometrically safe for a heterogeneous 5 per 
cent U**® system, and each trough is separated 
from the next one by a concrete moderator and 
neutron absorber (thin sheets of boral or cad- 
mium) or by sufficient air space to minimize 
interaction. A simplified sketch of this tray is 
shown in Fig. IV-5. 

Fuel elements may be charged to the troughs 
either as subassemblies or as chopped fuel. So- 
lution is pumped from a separate vessel to the 
troughs and overflows back to the solution tank. 
A sketch of the complete system is presentedin 
Fig. IV-6. If the trays are deep enough for com- 
plete submersion of the elements, only moderate 
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Fig. IV-5 Dissolver tray.” 
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Fig. IV-6 Tray dissolver system.”° 


solution distribution over the trays at three or 
four points along each trough is required. How- 
ever, if the trays are not deep enough for com- 
plete submersion of the elements, more thorough 
solution distribution over the elements might 
be necessary and could be provided through the 
use of deflector plates. It is visualized that 
whole-element subassemblies would be strapped 
together into bundles for charging, using dis- 
solvable straps, and that chopped elements 
would be loaded into baskets for charging. 

The solution flows in a thin layer across the 
tray and overflows into a safe annular tank 


around and below the tray. This annular tank, 
which is equipped with a center baffle, also 
serves as a solids separator. The solution 
overflows from the annular tank into a larger 
capacity solution tank. An external heat ex- 
changer and a condenser complete the system. 

The possibility of flooding the tray must be 
prevented since this would increase the depth 
of solution on the tray beyond the nuclearly safe 
limit. This could be done by fixing the pump 
position in the solution tank so that the pump 
would lose suction after about 100 gal of solu- 
tion had been pumped to the tray if the annular 
tank overflows should plug. The 100 gal would 
not be enough to fill the annulus remaining above 
the overflow point. Another method to prevent 
tray flooding would be to supply supplementary 
overflows above the normal overflows from the 
annular tank. 

Nuclear interaction between the tray and the 
solution tank (underneath the tray and inside the 
annular tank) must be minimized and can be ac- 
complished in several ways. A12-in.-thick slab 
of concrete can be placed between the tray and 
the solution tank or the tray can be separated 
from the solution tank by an air space, but the 
required separation appears to be too great for 
practical application. Another method that could 
be used, if the tray is 6 or 7 ft wide, would be 
to place the solution tank beside the tray and 
annular tank assembly rather than under it. 

This dissolver system has the following ad- 
vantages: 

1. Fuel-element chopping is not required, but 
chopping can be used to increase capacity if de- 
sired. 

2. An adequate solution surface area for va- 
por evolution is provided. The solution surface 
area is 20 to 50 times as great as that avail- 
able in the capsule type dissolver. This should 
minimize foaming problems and permit taking 
maximum advantage of dissolution accelerating 
agents such as ferric nitrate. 

3. The dissolver is safe for fuel elements en- 
riched with up to 5 per cent U**°, 

4, There will be no need for spray genera- 
tion unless, perhaps, the unit is not designed 
for complete submergence of the fuel elements. 

5. Only low-head recirculation is required. 

6. Only a single pump or recirculating device 
is required. 

7. The design provides easy access to the 
trays for visual inspection to determine if dis- 
solution has been complete. 
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The operation of a vertical-tube recirculating- 
dissolver pilot plant for nitric acid dissolution 
of uranium dioxide has been reported by Smith.”* 
The study was pointed toward the comparison of 
uranium dioxide dissolution rates in a batch and 
a recirculating dissolver and the definition of 
hydraulic problems associated with the recircu- 
lation of nitric acid by airlift techniques through 
beds of reacting uranium dioxide. 

The apparatus used in these tests is shown 
schematically in Fig. IV-7. A 7.5-in.-ID by 15- 
ft-high dissolver tube was connected at the bot- 
tom to a 10-in.-ID by 8-ft-high reservoir tube 
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Fig. IV-7 Pilot-plant vertical-tube dissolver.*4 


through a 4-in.-ID pipe. The dissolver tube 
overflow at the 12-ft level was connected to a 
disengaging box attached to the top of the res- 
ervoir tube. A plate that separated the disen- 
gaging box into two sections contained several 
orifices for liquid flow measurement and an 
opening at the top for off-gas passage. Two 
condensers and a scrubber were connected to 
the disengaging box for off-gas treatment. The 
reservoir-to-dissolver volume ratio for the 


unit was 1.5 to 1. 

The results of tests performed were as fol- 
lows: 

1. Dissolution rates under recirculating con- 
ditions were essentially the same as rates pre- 
dicted from batch data, 


2. Air flow from an airlift ring located below 
the reaction bed had no apparent effect on dis- 
solution rates for material in the size range to 
be encountered in the proposed nonproduction 
fuel processing. 

3. Difficulty was encountered in the initiation 
of liquid flow by airlift through packed beds of 
uranium dioxide containing a high percentage of 
fines. 

4. Location of the airlift sparge ring above 
the packed beds proved to be more reliable for 
initiating liquid flow than locations below the 
bed. 

5. The air sparge required for a given liquid 
flow was highly dependent on the rate of gas 
formation from the reaction and the dissolvent 
temperature. Air requirements for the circula- 
tion of hot dissolver solution (212°F) during re- 
action were a factor of about 4 less than for 
circulation of cold dissolver solution (70°F) 
(e.g., 50 vs. 14 cfm at a liquid flow rate of 11 
gal/min). 

6. Foaming in the dissolver was negligible. 


Miscellaneous Plant Equipment. A simpli- 
fied, low-speed, direct-drive agitator was con- 
structed and tested under conditions simulating 
those to be encountered in both the Redox and 
Purex plants.”> All gear-reduction drives were 
eliminated by using a special hollow-shafted 
300-rpm electric motor, and the probability of 
metallic fatigue was reduced by using a 4-in.- 
diameter hollow shaft. The unit was evaluated 
with the four different shaft lengths of interest 
in both plants and provedtobefreefrom critical 
speed difficulties. Agitation and uniform blend- 
ing of the contents of a 10-ft-diameter by 10-ft- 
deep tank were accomplished in approximately 
1 min. Durability was demonstrated by over 
21,000 hr of operation of a similar agitator and 
by about 2500 hr of this unit. In addition, opera- 
tion was vibration free, and satisfactory agita- 
tion of the process solution was obtained. 


Equipment Decontamination. Reference 26is 
a review of the development of decontamination 
procedures at Hanford for large high-unit-cost 
chemical processing equipment. The decon- 
tamination of several major buildings, using a 
technique of loosening and flushing contamina- 
tion into waste-storage tanks or intoacontainer 
for subsequent disposal underground, was suc- 
cessfully performed. Various cleaning agents 
were evaluated for their decontamination ef- 
fectiveness and their reaction on the soil re- 
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Fig. IV-8 Immersion of smaller equipment in a thimble tank containing decontaminating solution.” 


tention of radioactivity in the cribs used for 
waste disposal. The most favorable results 
were obtained with 1 per cent sodium citrate—5 
per cent sodium hydroxide when followed by 
an acid flush. Versene, tartrate, and a com- 
mercial caustic cleaner were found to have an 
adverse effect on the crib soil for absorbing 
fission products. Pressure spray techniques 
with perchloroethylene and with inhibited 1,1,1,- 
trichloroethane were found to be very effec- 
tive for the decontamination of oily surfaces. 
Alkaline permanganate solutions were found 
to be effective for the decontamination of acid- 
resistant, painted concrete surfaces. Plutonium 
contamination levels in excess of 5 x 10° dis/ 
min were encountered. Vacuum cleaning, re- 
petitive scrubbing with various chemical solu- 
tions, and water mopping achieved major re- 
ductions. In some cases, levels were reduced 
to 100 dis/min, and, in others, from 500 to 100 
dis/min. Where the remaining activity was im- 
practical to remove, the activity was immobi- 
lized with several spray coats of paint and 





> 


then covered with a final, more wear-resistant 
coating. 

A centralized decontamination facility for the 
decontamination of pumps, agitators, and small 
process vessels is used. The facility consists 
of thimble tanks (see Fig. IV-8) which permit 
simultaneous immersion and operation in de- 
contaminating solutions. A typical decontami- 
nation cycle includes successive treatments 
with 15 to 25 per cent caustic solutions con- 
taining an oxidizing agent, a water flush, 10 to 
25 per cent nitric solutions containing a re- 
ducing agent, and another water flush. Tech- 
niques other than water and chemical flushes 
have also been utilized. Sandblasting and ultra- 
sonic cleaning have been evaluated and are used 
when they are considered economically suitable. 

Where the size of the equipment makes it 
difficult to move, decontamination techniques 
for on-location use have been developed. The 
decontamination of an extraction column was 
performed by flushing the inside with hot solu- 
tions of 15 per cent nitric acid, 6 per cent 
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caustic—1 per cent tartrate, 5 per cent oxalic 
acid, and 5 per cent caustic—1.55 per cent per- 
manganate. The outside of the column was 
washed down by overflowing the vessel. The 
vessel is then moved to a prepared work area 
within the building for further decontamination 
and repair. 

Considerable savings in equipment costs have 
been achieved through the use of equipment de- 
contamination techniques. The cost of decon- 
taminating, inspecting, and repairing equipment 
having an original cost of $293,629 was $71,343 
for a period of two years. A list of this equip- 
ment is given in the report.”* The savings of 
$222,287 is regarded as being conservative 
since disposal of equipment that has failed in- 
volves a substantial burial cost, andthe original 
costs listed do not reflect increased replace- 
ment costs. 


Plant Operation. The Power-Reactor Fuel- 
Processing Pilot Plant located at ORNL was 
designed to process spent reactor fuel originat- 
ing in various AEC-owned research reactors. 

A report issued recently”’ deals with a four- 
month period of pilot-plant operation in which a 
total of 46.8 metric tons of spent Brookhaven 
National Laboratory (BNL) reactor fuel was 
processed to recover 22.6 kg of plutonium and 
46.6 tons of depleted uranium. 

The objectives of this program were as fol- 
lows: 

1. To demonstrate a satisfactory chemical 
flow sheet for the continuous recovery of pluto- 
nium and uranium from spent reactor fuel 

2. To conduct a sustained run in pilot-plant 
equipment which would demonstrate, under con- 
ditions of equilibrium operation, the capabilities 
of the pilot-plant facility 

3. To separate and recover for return to 
normal production channels ~22.6 kg of pluto- 
nium contained in 46.8 metric tons of spent 
BNL reactor fuel 

4. To demonstrate and evaluate the effects of 
operating the extraction columns with the or- 
ganic phase continuous 

5. To continue the development of satisfactory 
accountability measurement procedures 


The fuel processed had been irradiated to an 
average of 470 Mwd/ton and had decayed for 600 
to 650 days at the time of processing. The 
aluminum-canned fuel pieces had been mechani- 
cally sheared into 4-in. lengths at the reactor 
site and were transported to ORNL by truck. 


The fuel pieces in most cases arrived with the 
residual sheath of aluminum intact; however, 
attack by canal water on the exposed uranium 
metal rods during storage resulted in some 
fragmentation of the uranium with the genera- 
tion of finely divided material that settled to 
the storage-canal floor. The sediment (canal 
sludge) was not processed. 

The fuel was fed to a continuous dissolver at 
approximately 400 kg/day, along with 8M nitric 
acid that was added continuously. A flow sheet 
for the dissolver and feed makeup system is 
shown in Fig. IV-9. To establish equilibrium 


8M = 
Wide CONDENSER 
ow &-— 






























































DISSOLVER 
TO OFF-GAS 
SCRUBBER 
Y ™ 
> FEED 
FEED HEAD 
COLLECTION TANK 
TANK s-4 
s-4 
ACCOUNTABILITY 
MEASUREMENT 
TANK TO SOLVENT= 
S$-2 EXTRACTION 
SYSTEM 











Fig. IV-9 Dissolver and feed makeup system.”" 


on startup, approximately 200 fuel pieces were 
charged to the dissolver, and 8M nitric acid 
was added slowly while establishing the pot 
temperature at about 110°C (reflux condition). 
The rate of acid addition was carefully regu- 
lated to avoid pressurizing the dissolver. Acid 
addition was continued, along with the simulta- 
neous addition of fuel pieces, until the ura- 
nium concentration of the dissolver solution 
approached 350 g/liter (indicated by the spe- 
cific gravity and confirmed later by solution 
analysis), at which level the withdrawal of dis- 
solver solution was begun. By this time a total 
of approximately 1000 kg of uranium metal had 
been added, and the solution volume in the dis- 
solver was approximately 1100 liters. Equilib- 
rium conditions were usually reached in about 
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24 hr; afterward the acid-addition rate was 
controlled automatically by the solution level, 
which was maintained in the dissolver at about 
the 1100-liter volume, and the metal-addition 
rate was adjusted to approximately 400 kg of 
uranium per day (14 to 15 fuel piecesper hour). 
At equilibrium an undissolved metal heel of ap- 
proximately 700 kg of uranium was present 
in the dissolver. Dissolver-solution withdrawal 
was continuous and was maintained at a rate 
equivalent to approximately 400 kg of uranium 
per day. The dissolver solution was pumped by 
an underground pipeline to the feed collection 
tank (S-1). At intervals, sufficient 13M nitric 
acid was added to the collection tank to adjust 
the acid concentration to approximately 1.5M, 
and approximately 1000-liter batches were 
transferred to the accountability measurement 
tank (S-2), where the adjusted feed solution was 
carefully mixed and sampled andthe volume was 
determined. Approximately 1000-liter batches 
of the solution were transferred to the feed head 
tank (S-4). After each transfer, the residual 
solution (heel) remaining in S-2 was sparged 
and sampled and the volume was determined. 
From these measurements, plant input was de- 
termined. The feed solution was continuously 
processed according to a Purex codecontamina- 
tion flow sheet using 30 per cent TBP in kero- 
sene as extractant. The flow sheet included 
coextraction, costripping, and evaporation of 
the uranium and plutonium in a codecontamina- 
tion cycle. The reconstituted uranium-plutonium 
stream was further processed in a partitioning 
cycle that separated the two products, each of 
which was then processed in separate extrac- 
tion-strip solvent-extraction cycles. The final 
uranium solvent-extraction product stream was 
passed through a silica-gel bed and evaporated 
to approximately 400 g/liter. The plutonium 
product from the final plutonium solvent- 
extraction cycle was passed through a bed of 
cation-exchange resin for concentration and 
further decontamination. The sorbed plutonium 
was eluted from the resin bed with 5.7M nitric 
acid at an average concentration of 46.4 g/liter 
and packaged for shipment in 15-liter 5.7-in. 
polyethylene bottles supported with 6-in. 
schedule-10 pipe. Wastes were monitored for 
uranium and plutonium before discharge to the 
radioactive-waste storage facilities. A total of 
2.4 10° liters of high-level waste containing 
4.2 10° curies of activity were generated; the 
total of all wastes was 1.9 x 10° liters. 


Measured losses totaled 1.3 and 0.8 per cent 
for uranium and plutonium, respectively. The 
material balances across the plant were 100.9 
and 102.7 per cent for uranium and plutonium, 
respectively; the program balances (i.e., the 
recovery values found in the plant operation vs. 
the theoretical values) were 98.2 and 92.0 per 
cent. The program balances reflect the effect 
of the storage-canal sludge resulting from frag- 
mented and fractured fuel pieces that were not 
processed. 

Gross gamma-decontamination factors aver- 
aging 9.1 x 10‘ and 1.2 x 10°, respectively, were 
demonstrated for the recovered uranium and 
plutonium products. Decontamination factors 
for uranium were a factor of 2 lower than the 
program average when the codecontamination- 
cycle extraction column was operated with the 
aqueous phase continuous, but they were a fac- 
tor of i.1 higher than the average when the or- 
ganic phase was continuous. Uranium product 
recovered during aqueous-continuous operation 
exceeded radiation specifications by a factor of 
2 to 10, but the uranium met these specifica- 
tions in all respects during organic-continuous 
operation. Uranium-plutonium separation fac- 
tors averaged 5.6 x 10°. 

Development of accountability measurements 
and procedures continued throughout the pro- 
gram as a part of the over-ail accountability 
measurement program. The limits of error as- 
sociated with measurement of plant input during 
the program were determined to be +1.8 per 
cent for uranium and +1.2 per cent for pluto- 
nium. 


Ion-Exchange Processes 


Plutonium Processing by lon Exchange 


A Hanford report’® describes a two-cycle 
anion-exchange process for the recovery of 
highly purified and decontaminated plutonium 
from nitric acid solutions of uranium fuels. It 
was determined that (1) plutonium can be ade- 
quately separated from uranium fuels; (2) two 
cycles of anion exchange, incorporating fluoride 
washing, will give complete decontamination of 
plutonium from fission products in the Pluto- 
nium Recycle Test Reactor (PRTR) fuels; and 
(3) the stability of Permutit SK resin toward 
chemical and radiation attack, coupled with its 
good absorption and elution rates, makes it the 
resin of choice for PRTR fuel processing. The 
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general flow sheet for this process was givenin 
a previous Review.”® 

Durham and Aikin* report data on concentra- 
tion and purification of plutonium solutions using 
Dowex 50 ion-exchange resin. Equilibrium ex- 
periments using Dowex 50 ion-exchange resin 
and nitric acid solutions of Pu**, UO,*, and 
Fe’* cations have yielded values for the absorp- 
tion affinities for these ions. Trivalent pluto- 
nium was found to be far more strongly ab- 
sorbed than UO3* and Fe**. Their data led to 
the following conclusions: 


1. By absorbing solutions containing about 
200 mg of trivalent plutonium per liter in 1N 
nitric acid onto a Dowex 50 resin column, a 50- 
fold concentration increase can be obtained on 
eluting with 6N nitric acid; about 20 per cent of 
the plutonium originally absorbed is left on the 
column. 

2. A decontamination factor of 2.8 x 10° for 
uranium and 5 for beta-gamma was obtained 
using a plutonium solution from a standard run. 

3. The amount of plutonium taken up by a 
given column can be estimated, once the feed 
analysis is known, by using the equilibrium 
constant measured in equilibrium experiments. 


Recovery and Purification 
of Transuranium Elements 


Studies of ion-exchange methods of separating 
actinide and lanthanide group elements were 
continued at ORNL" along with separation proc- 
esses for transplutonium elements. In the ion- 
exchange method, the effects of lithium nitrate 
loading vs. aluminum nitrate loading, resin par- 
ticle size, and column temperature were inves- 
tigated. More column gassing andgreater pres- 
sure drop occurred with aluminum nitrate than 
with lithium nitrate. Iron, however, was more 
readily removed in the aluminum system (99 
per cent vs. 70 per cent) than in the lithium 
system. Temperature appeared important. At 
85°C, cerium removal in seven column volumes 
of 10M lithium chloride was >99.9 per cent, 
compared to 93.5 per cent at 65°C. The resin 
particle size appreciably affected the separa- 
tion, e.g., 100- to 200-mesh resin gave >99.9 
per cent vs. 92.1 per cent cerium removal for 
50- to 100-mesh resin with seven column vol- 
umes of 10M lithium chloride at 85°C. In seven 
column volumes of 10M lithium chloride, no 
americium should be removed. 


Miscellaneous lon-Exchange Studies 


Ion-Exchange Purification of Reactor Cooling 
Water. In the past few years, ion-exchange 
resins have been used extensively to purify 
water. These resins function by removing the 
impurities from the influent and replacing them 
with water. This purification is quite often re- 
quired to minimize scale formation, corrosion, 
and solids deposition in industrial equipment. 
Water purification is especially important in 
the case of recirculating-water-cooled nuclear 
reactors. In such reactors, any impurities in 
the coolant are continually transported through 
a nuclear flux region and become radioactive. 
This process increases the background radiation 
level in the external recirculation system and 
thus restricts accessibility and hinders contact 
maintenance. A multiple-unit deionization sys- 
tem is generally used to produce the high-quality 
water required for recirculating-water-cooled 
reactors. The system may consist of a duplex 
arrangement (cation exchanger followed by an 
anion exchanger) followed by a mixed-bed (mixed 
cation and anion exchangers) unit or by aseries 
arrangement of duplex units. 


A series of tests was performed to evaluate 
the operating characteristics of a duplex deioni- 
zation system under high-flow-rate conditions.” 
The cation resin used was Amberlite XE-77, the 
anion resin was Amberlite XE-78. Tests were 
run at liquid flow rates corresponding to 10, 25, 
50, and 75 gal/min per square foot of cross- 
sectional area. Several conclusions can be 
drawn from the results obtained during the test 
series: 


1. High-flow-rate operations are feasible with 
duplex deionization systems. Velocities as high 
as 75 gal/min per square foot of cross-sectional 
area cause only slight exchange capacity losses. 

2. The effluent breakthrough curves are well 
defined even at the highest flow rates tested. 

3. The pressure drop through the resin beds 
increases quite rapidly with increasing fluid 
velocity. The anion-bed pressure drop per unit 
bed depth is greater than the corresponding 
cation-bed pressure drop. This variation in- 
creases with increasing fluid velocity. 

4. Severe capacity losses may result if chan- 
neling occurs in the resin bed. Proper design 
of the liquid distribution and collection systems 
will be imperative in high-flow-rate deioniza- 
tion systems. 
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5. There was no evidence of excessive bead 
fracturing in samples exposed tothree complete 
exhaustion-regeneration cycles at 75 gal/min 
per square foot of cross-sectional area. Bead 
fracturing may become important after several 
cycles, however. 


Lithium Isotope Separation by Ion Exchange. 
Studies of the influence of various parameters 
on separation factors for lithium isotopes are 
being made at ORNL* in several ion-exchange 
systems. Determinations have been made in 
ethylenediamine tetraacetate systems, in a for- 
mate system, and on ion exchangers containing 
phosphorus in the active sites. 

An anion complex with lithium (Li EDTA*) 
is formed with ethylenediamine tetraacetic acid 
(EDTA) at pH10tol11. Lithium isotope-exchange 
studies were made in the following systems: 


®Li EDTA® (aq.) + R; "Li EDTA 
= 'Li EDTA* (aq.) + R; *Li EDTA 


where R is an anion exchanger, Dowex 1 X-10; 


81,i EDTA® (aq.) + "LiR 
= "Li EDTA* (aq.) + *LiR 


where R represents cation exchangers, Dowex 
50 X-2 and 50 X-8; 


SLi (aq.) + "LiR = "Li (aq.) + *LiR 


where R is a cation exchanger containing imino- 
diacetate sites, Dowex chelating resin A-1. 

For the Dowex 1 and the Dowex 50 X-2 ex- 
periments, the eluants were 0.25M K EDTA. 
For the Dowex 50 X-8 experiment, the eluant 
was 0.1M K EDTA. When NH, EDTA solutions 
were used for eluants, two peaks were observed 
in the elution curve, indicating the presence of 
two LiNH, EDTA complexes. These two peaks 
were eliminated by using K EDTA as the eluting 
solution. For the experiment where the EDTA 
type sites (iminodiacetate) were on the resin, 
0.25M NH,Cl was used as an eluant. In these 
EDTA systems, ‘Li concentrates on the resin; 
in all other known systems involving lithium 
ions on ion-exchange materials, *Li concen- 
trates on the resin. 

The effect of formate anion in cation-exchange 
systems has now been studied. Formate ion is 
a strong proton acceptor. It was chosen for 
study because it might have increased the sepa- 


ration factor (@) as a result of localized hy- 
drolysis of the lithium ion. However, the a was 
the same as that found for other potassium salt 
systems that do not affect the lithium ion spe- 
cies: 


Anion Formate 
Resin Dowex 50 X-16 
Mesh size — 200 +400 
Column dimensions 

(ID x length), mm 21.5 x 920 
Flow rate, cm/sec 1.52 x 1078 
No. of theoretical 

plates 600 
a 1.0028 


Ion-Exchange Properties of Hydrous Oxides. 
The anion- and cation-exchange properties of 
hydrous Zr(IV) oxide, U(VI) oxide, and Zr(VI) 
oxide were examined.** Cation exchangers pre- 
pared from acidic oxides (e.g., zirconium phos- 
phate, tungstate, or molybdate) when largely in 
hydrogen form were found to have remarkable 
selectivity for the various alkali metals (lithium, 
sodium, potassium, rubidium, and cesium). Al- 
kali metals may also be separated from rare 
earths with zirconium dioxide. 


Volatility Processes 


The volatility of uranium and plutonium hexa- 
fluorides has been proposed as a basis for 
processing various types of irradiated fuels. 
Liquid-phase fused-salt processes are being 
considered for application to the recovery of 
uranium from molten-salt reactor fuel andfrom 
zirconium-uranium alloy fuel. Solid phase—gas 
phase fluorination processes have also been 
proposed for application to zirconium-uranium 
alloy fuel and to uranium dioxide fuels. Fluidi- 
zation techniques are employed in these dry 
halogenation processes to enhance process con- 
trol. In this review, results are summarized of 
fused-salt pilot-plant experience and of initial 
engineering-scale studies of the dry halogena- 
tion processes. 


Fused-Salt Processes 


In the fused-salt process for recovery of 
uranium-matrix fuel being developed at Argonne 
National Laboratory (ANL) and ORNL, the alloy 
is dissolved in the fused salt at 600 to 700°C 
with a hydrogen fluoride sparge, and then the 
uranium in the salt is volatilized as the hexa- 








36 REACTOR FUEL PROCESSING 


fluoride in a fluorine sparge. A pilot-plant- 
scale graphite-lined dissolver-hydrofluorinator 
has been developed at ANL for the first step to 
avoid corrosion incurred in metal systems. 
Dissolution of a synthetic element of Zircaloy-2 
in salt containing equilibrium amounts of alloy- 
ing constituents (tin, iron, chromium, nickel, 
and uranium fluorides) was 90 per cent com- 
plete in 10.7 hr and 99 per cent complete in 
13.4 hr. This dissolution proceeded at a rate 
one-half as fast as that for pure zirconium in 
sodium fluoride—zirconium fluoride salt con- 
taining only uranium. Of the various alloy con- 
stituents present in the salt as fluorides, only 
the concentration of nickel was reduced by the 
dissolution. Substantial salt carryover in the 
dissolver off-gas was encountered during these 
runs, the major portion being retained in the 
sodium fluoride pellet bed and allthe remainder 
on the porous carbon filters.*° 

No chemical attack of salt on graphite com- 
ponents was revealed in an examination follow- 
ing disassembly. In a freezing and remelting 
test, extensive damage to graphite downlines 
was incurred. Such damage could be minimized 
or eliminated by suitable design and operation 
procedures.*® 

The amount of salt holdup in the lampblack 
insulation layer between the graphite lining and 
the nickel shell was found to be approximately 
30 lb. This salt was found, as expected, as a 
consequence of the porosity of the graphite (type 
ATL) used. The dissolver utilized a frozen- 
wall principle of fused-salt containment in order 
to prevent fused-salt contact of the outer metal 
shell. By surrounding the graphite crucible with 
a 1'4-in. layer of tamped lampblack insulation, 
the penetrating fused salt would cool and solidify 
before contacting the outer metal shell, from 
which heat was removed by normal air convec- 
tion. In this way, vapor containment was pro- 
vided by the metal shell, which was protected 
from salt corrosion by the lampblack layer. It 
is possible to reduce the amount of such salt 
holdup by using an impregnated, less porous 
graphite.*° 

The Fused-Salt Fluoride-Volatility Pilot Plant 
at ORNL was operated to study the recovery and 
decontamination of uranium as hexafluoride from 
molten-salt reactor fuels. Engineering experi- 
ence and operating techniques have been com- 
piled for reference. The flow sheet for the 
operations is shown in Fig. IV-10. This report 
gives a detailed evaluation of the pilot plant as 


it was operated from 1956 to 1958. The several 
component difficulties cited concerned line plug- 
ging, sampling, and other operational problems. 
It was considered that such difficulties can be 
minimized or eliminated by improved design. 
This report is particularly valuable because of 
its objective treatment of operational difficul- 
ties, although the report is now somewhat out of 
date. 


Direct Fluorination Processes 


A direct fluorination recovery process for 
uranium dioxide reactor fuels is under study at 
ANL. The dense pelleted fuel material was 
shown to be capable of fluorination at practical 
rates. Pilot-plant-scale work has been directed 
toward means of controlling the reaction and 
removing the large amount of heat involved. 
The use of an inert fluidized material to cover 
and fill the void spaces of a nonfluidized packed 
bed of pellets has some of the advantages of 
fluidization for solid-gas reactions, particularly 
the removal of heat.*° 


In experiments to date, results indicate that 
temperature control at higher fluorination rates 
(and hence rates of reaction) is limited by heat 
transfer from the bed to the reactor wall. In 
order to evaluate the heat-transfer mechanism, 
a series of heat-transfer tests in a mockup 
system was made. Representative average heat- 
transfer coefficients from the surfaces of 
heated, nonfluidized pellets in a packed bed to 
fluidized material in the voids were found to be 
over five times that for the packing without a 
fluid bed. These data confirm the potential ad- 
vantage of fluidization for reaction control and 
are helpful in predicting practically achievable 
heat-transfer rates. These rates depend also 
on caking tendencies, on the range of variation 
of heat-transfer coefficients for individual pel- 
lets in a bed, and on the effective over-all heat 
transfer from the center of the bed to the reac- 
tor walls. 


In the over-all fuel-recovery process, a de- 
cladding operation is required prior to pellet 
fluorination. Decladding of pelletsin Zircaloy-2 
tubing with a hydrogen chloride—hydrogen fluo- 
ride gas mixture was demonstrated in two initial 
runs. Caking of the fluid bed in this operation 
was found for tubes packed to nearly maximum 
closeness in the reactor, but caking was not 
appreciable for tube packing of one-half the 
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Fig. IV-10 


maximum. The pellets themselves showed very 
little attack in this operation. 

Application of the direct fluorination process 
to recovery of uranium from fuels consisting of 
enriched uranium alloyed with Zircaloy has also 
been studied at ANL.* The process involves 
conversion of the metal to fluoride salts, fol- 
lowed by fluorination of the salts to volatilize 
uranium. A two-zone reaction scheme for the 
first step is being investigated. This scheme 
involves contact of the uranium-zirconium alloy 
with anhydrous hydrogen chloride diluted with 
nitrogen in the lower portion of the reactor and 
conversion of the volatile zirconium tetrachlo- 
ride to the solid tetrafluoride in the upper zone 
by contact with hydrogen fluoride. Also, the 
uranium trichloride is probably converted to the 
tetrafluoride. 

Proper operation of the two-zone system was 
shown to require a baffle between the zones to 
prevent gas back-mixing. Tests were made on 
two types of baffles, a punched plate (',-in.- 
diameter holes, staggered spacing, * ig7in. Cen- 
ters, 40 per cent open) and a 60° cone with a 
1.5-in.-diameter opening. Both baffles were of 


Flow sheet for ORNL Fused-Salt Fluoride-Volatility Pilot Plant.*® 


stainless steel and were installed horizontally 
at approximately the center of the fluidized bed. 
The test procedure consisted in fluidizing the 
bed in a 6-in.-diameter reactor with ahydrogen 
chloride—nitrogen mixture; admitting hydrogen 
fluoride gas above the baffle plate; and then, by 
sampling and analysis, determining the concen- 
tration of hydrogen fluoride at some distance 
below the baffle. 

Results indicated that substantial reduction of 
back-mixing was achieved with either type of 
baffle. The ratio of hydrogen fluoride in the 
sample to that at the inlet was about a factor of 
10 lower for each of the experiments with baf- 
fles than for the case in which no baffle was 
used. This was true at hydrogen fluoride rates 
of 0.24 and 2.4 scfm. 

The cone baffle was used to demonstrate the 
feasibility of the two-zone reaction scheme and 
to form a fluidizable product for use in subse- 
quent fluorination studies of uranium recovery 
as the hexafluoride. Three multiple-plate syn- 
thetic fuel assemblies (1.5 wt.% uranium 
zirconium alloy) were reacted in the baffled 
two-zone fluid-bed reactor. The results of these 
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Table IV-8 
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SUMMARY OF HYDROCHLORINATION-HYDROFLUORINATION RUNS FOR THE TWO-ZONE PROCESS 


(Equipment: 6-In.-Diameter Inconel Reactor; Specimen: 1.5 Wt.% U—Zr, 10-Plate Subassembly; Bed: 18 Kg of 
60- to 325-Mesh Calcium Fluoride; Baffle: Stainless-Steel Cone with 1.5-In.-Diameter Opening; Inlet Super- 
ficial Gas Velocity: 0.36 Ft/Sec; HF/HC1 Mole Ratio: 0.5 to 1.6) 

















HC] Bed HF/HC1 Run . 
, . Fuel-eiement weight, g 
concentration, temp., mole duration, Weight loss 

vol .% C ratio hr Initial Final per hour,* 
19 390 1.6 4.5 1533+ 1230 2.9 
60 380 0.9 6.3 1485 485 10.7 
60 390 1.0 3.5 1230 617 14.2 
60 400 1.0 4.0 617 144 19.2 
60 425 1.0 6.0 2063+ 1077 8.0 
86 360 0.5 1.8 2000 1485 14.3 
89 360 0.6 4.7 1077 250 16.4 
88 385 0.6 4.8 3360F 2000 8.4 





*The initial unit area of the charge varies from run to run. 
+A new charge of metal was used in these runs. Remaining runs were made with the residual unreacted metal as the 


charge. 


preliminary tests are summarized in Table 
IV-8. Approximately 90 per cent ofthe elements 
reacted in periods of about 12 hr. 

Results obtained on fluorination of solid prod- 
uct from the above two-zone hydrofluorination 
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Fig. IV-11 Uranium removal during fluorination of 


zirconium-uranium fluorides.*® 


are reported in Fig. IV-11. Temperature ap- 
pears to have a strong effect (i.e., increased 
temperature gives greater 


initial uranium- 


removal rates), but the results are not clear as 
far as ultimate removal efficiency. The effect 
of time is illustrated by the set of runs made at 
500°C, where repeated 4-hr fluorinations con- 
tinued to show uranium removal (up to 96 per 
cent) after 12 hr. The residual uranium content 
of this material was only 0.006 per cent. How- 
ever, at 550°C a plateau was noted in which the 
rate of uranium removal leveled off during the 
second 4-hr period. A slight additional removal 
(to 93 per cent) was effected by a 1.5-hr fluori- 
nation of this residue at 600°C. The rate of 
uranium removal at 600°C was high, about 84 
per cent in 2 hr. However, it is not yet known 
whether the removal would continue at this rate 
for longer fluorination periods. Similar re- 
moval (~84 per cent) was achieved at 600°C 
using material of two different starting uranium 
concentrations, 0.06 and 0.30 per cent, indi- 
cating no concentration effect in this range. 

The peculiar behavior observed in the runs 
made at 550°C needs some clarification. Fluo- 
rination experiments are therefore planned in 
laboratory-scale equipment to determine the 
effects of time and temperature more com- 
pletely. 


Pyrometallurgical Processes 


Simple processes capable of handling short- 
cooled fuels are under development at several 
atomic energy sites. The common goal of these 
developmental programs is the reduction of 
processing costs. Pyrometallurgical processes 
are among those being developed. These are 
processes in which metallic fuels are retained 
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in the metallic state or those in which the me- 
tallic state results as an intrinsic part of the 
process, e.g., electrochemicalprocesses. Eco- 
nomic advantages accrue through avoidance of 
expensive chemical conversions and through the 
ability to handle short-cooled fuels, and thus 
reducing fuel inventories. These advantages 
are partially offset by the necessity of remote 
fuel fabrication which results from the rela- 
tively low, but adequate, removal of fission 
products provided by these processes. 

Processes having these same characteristics 
are under development for ceramic fuels. Al- 
though those processes are pyrochemical rather 
than pyrometallurgical, they are included in 
this section on the basis of similarity. 


Melt Refining 


A direct-cycle fuel-processing plant using 
pyrometallurgical procedures is being con- 
structed as part of ANL’s Experimental Breeder 
Reactor No. 2 (EBR-II) project. Melt refining, 
liquid-metal extraction, and processes involving 
fractional crystallization from liquid-metal sys- 
tems are methods being examined for the re- 
covery and purification of EBR-II fuels. The 
first process to be employed in this facility 
will be melt refining, which involves simply 
(1) melting the discharged fuel in a zirconia 
crucible that is stabilized with calcium oxide 
and (2) maintaining the material in a molten 
state at 1400°C for a period of several hours to 
allow certain purification reactions to occur. 
Fission products such as xenon, krypton, ce- 
sium, and iodine either are released as gases 
or are vaporized from the melt. Other fission 
products such as the rare earths, barium, and 
strontium are removed by selective oxidation 
at the crucible walls. Separation of purified 
uranium is effected by pouring off the molten 
metal. 

The construction of the EBR-II fuel-cycle fa- 
cility is approximately 70 per cent complete.*" 
An adjacent laboratory and service building has 
been completed and is being occupied. Various 
major equipment items are now being installed 
in the facility. These include the manipulators, 
cranes, and the 5-ft-thick cell windows. 

A rather interesting problem was encountered 
with the 1000-watt fluorescent mercury-vapor 
lamps that had been specified for use within the 
high radiation fields of the processing facility.*® 
The lamps, originally tested and found satisfac- 


tory for use in high radiation environments, 
were made with a soft lime glass envelope. Re- 
cently the major manufacturers of these lamps 
changed from soft glass envelopes to weather- 
resistant borosilicate glass envelopes. Although 
the borosilicate glass envelopes are undoubtedly 
superior for industrial use, they darken rapidly 
in a radiation field. This contrasts with the 
performance of soft glass envelopes, which 
maintain a high light output even after radiation 
exposures of 10° rads (Table IV-9). A manu- 
facturer has agreed to make a special run of 
lamps with soft glass envelopes for use in the 
EBR-II facility. 


Table IV-9 PERFORMANCE UNDER GAMMA 
IRRADIATION OF MERCURY FLUORESCENT LAMPS 
WITH SOFT AND HARD GLASS ENVELOPES" 





nenatiniiias Light output, % of original intensity 
gamma exposure, Soft lime glass Hard borosilicate 
rads (water) envelope glass envelope 
0 100 100 
1x 10° 98 87 
1x 10° 98 34 
1x 10° 97 29 
5x 10° 97 18.5 
1x 10° 84 * 





*Test previously terminated. 


An inverted cup molded from Fiberfrax* ce- 
ramic fibers has been found to be an efficient 
collector of condensable materials vaporized 
during a melt-refining operation.*" The Fiber- 
frax cup is placed over the zirconia crucible in 
the melt-refining furnace. Tests carried out 
with sodium have indicated at least 95 per cent 
retention of the sodium by the Fiberfrax cup. 
Sodium was chosen as the test material because 
of its presence on fuel pins. This results from 
its use as a heat-transfer bond between the fuel 
pin and an enclosing stainless-steelcan. Fiber- 
frax has also been found to be an efficient col- 
lector of iodine; and, presumably, it will trap 
cesium, which is also vaporized from the melt. 
The fume trap is shown in Fig. IV-12 with the 
furnace in a partly tilted position to indicate 
the manner in which the fume trap is rotated 
out of position during a pouring operation. This 
photograph, taken with the bell jar cover of the 
melting equipment removed, also indicates other 





*An alumina-silica composition manufactured by 
The Carborundum Company. 
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components of a melt-refining unit, such as the 
induction coils; the rack and pinion gear by 
which pouring is accomplished; the zirconia 
crucible; and, in the background, the electrical 
power jumpers, which may be easily discon- 
nected for removal of the entire furnace. 

Various other material tests and progress in 
the development of other components have been 
reported.*” These include, for example, irra- 
diation tests of various lubricating greases and 
other insulating or structural materials and the 
development and design of periscopes, air locks, 
and manipulators. Reference 39 discusses the 
manipulator design developed by General Mills, 
Inc., according to specifications outlined by 
Argonne. The manipulator, which has a capacity 
of 750 lb, has been designed with radiation- 
protection or radiation-resistant components 
for sustained operation within a very dry inert- 
argon atmosphere and in a radiation field of 10‘ 
to 10° r/hr. The design permits remote replace- 
ment of critical components or of the entire 
manipulator. The manipulator is normally op- 
erated with five basic motions, which generally 
suffice for equipment operation, but an articu- 
lated arm can be attached remotely which adds 
grip rotation, elbow, and shoulder movements to 
its basic motions. A prototype mainpulator has 
operated successfully under an extensive testing 
program in a full-scale mockup facility. 

In the EBR-II facility the atmosphere is argon 
which may contain up to 5 per cent nitrogen. 
The extent of nitridation of the fuel alloy during 
times of exposure to this atmosphere is there- 
fore of interest. One of the most likely oppor- 
tunities for nitridation occurs in the decladding 
and subsequent handling of the fuel pins prior to 
melt refining. Further studies have been re- 
ported*’ on the reaction of uranium anduranium- 
alloy pins with nitrogen in anargon atmosphere. 
The reaction follows a parabolic rate law, and 
the rate constants are approximately the same 
for uranium and the uranium-fissium alloy. 
Figure IV-13 shows the variation of rate con- 
stants with temperature. Reaction rates are 
approximately doubled by the presence of me- 
tallic sodium coatings on the pins. Activation 
energies for the reaction are about 15 kcal/mole 
and are not affected significantly by either the 
presence of sodium or of the alloying constitu- 
ents in fissium. 

A report has also been issued on a study of 
the nitridation of crucible skulls remaining in 
the crucible after a melt-refining operation. 
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sium pins. 


Because of fission-product decay heating, the 
temperature of such skulls may reach 400°C 
or higher. In this temperature range, low- 
pressure nitrogen (8 to 76 mm Hg) was found to 
react readily with melt-refining skulls to form 
nonstoichiometric U,N,;. The skull was pulver- 
ized and loosened from the wall by the reaction. 
The product was very pyrophoric in air, and it 
appears that the conversion of nitride to oxide 
can, if desired, be readily effected. 

A second series of articles on the melt- 
refining process was published in the January 
1961 issue of Nuclear Science and Engineering. 
The first series appeared in the December 1959 
issue. The subjects treated in the second series 
are the following: 

1. Behavior of plutonium in the melt-refining 
process.” A uranium—20 per cent plutonium - 
10 per cent fissium alloy, a fuel alloy contem- 
plated for future testing in the EBR-II reactor, 
may be satisfactorily processed by melt refin- 
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ing. A slight preferential loss of plutonium in 
the skull fraction was found, but this does not 
significantly diminish the applicability of the 
process. 

2. Evolution of xenon and krypton during melt 
refining.“' Over 99 per cent removal of noble 
gases is predicted for a melt-refining opera- 
tion. In this work the gases were released 
promptly on melting of uranium irradiated to 
0.1 at.% burnup. This observation differs from 
that described in the preceding Review,” in 
which noble-gas evolution from a fissium alloy 
irradiated to 0.6 at.% burnup was found to begin 
at around 700°C and to be essentially complete 
by the time the melting point is reached. 

3. Behavior of rare earths, yttrium, barium, 
strontium, and cesium in the melt-refining proc- 
ess. Virtually quantitative removal of these 
elements from uranium is provided by melt re- 
fining at 1400°C in calcia-stabilized zirconia 
crucibles, cesium by volatilization, the others 
by reaction at the crucible walls with oxide ions 
contributed by the zirconia and subsequent depo- 
sition along the walls. The reaction for removal 
of cerium is first order. The removalof cerium 
was considerably faster in zirconia than in 
magnesia crucibles. 

4. Sorption and retention of sodium and ce- 
sium vapor on stationary beds at elevated tem- 
peratures.“* A number of surface-active ma- 
terials (e.g., Molecular Sieves,* activated 
charcoal, and activated alumina) proved to be 
effective at temperatures up to 800°C for trap- 
ping cesium and sodium, which are vaporized 
during melt refining. The capacity of the tested 
materials under various conditions is discussed, 
and equipment designs are suggested. 

5. Behavior of zirconium in melt refining.” 
Zirconium removal is not effected by a normal 
melt-refining operation. However, appreciable 
removal (about 50 per cent) can be effected by 
carbide scavenging. The introduction of zirco- 
nium into uranium-cerium melts through the use 
of zirconia crucibles was found to be negligible. 

6. Behavior of iodine in melt refining.“ Melt 
refining of synthetic EBR-II fuel alloys in sta- 
bilized zirconia crucibles at 1400°C for 3 hr 
resulted in almost complete volatilization of 
iodine, primarily as iodides of metals present 





*Sodium or other alumina silicates manufactured 
by Linde Company, a Division of Union Carbide Cor- 
poration. 


as minor constituents of the crucible. No evi- 
dence was found for vaporization as free iodine. 

7. Behavior of ruthenium, molybdenum, pal- 
ladium, rhodium, technetium, antimony, cad- 
mium, and tellurium in melt refining.*" Ruthe- 
nium, molybdenum, palladium, rhodium, tech- 
netium, and antimony are not removed from the 
bulk metal during melt refining. Cadmium is 
removed by vaporization. Tellurium is removed 
by a proposed mechanism involving the forma- 
tion of a stable compound with cerium. 


The removal of fission products from molten 
plutonium alloys by liquation (flotation of in- 
solubles) and slagging is one of the subjects“® 
discussed in a recently issued book, Extractive 
and Physical Metallurgy of Plutonium and Its 
Alloys.” The information has previously been 
given in earlier issues of Reactor Fuel Proc- 
essing.*© The above book on the metallurgy of 
plutonium consists of 14 papers that treat vari- 
ous aspects of metal preparation, purification, 
chemistry, and alloying behavior. An annotated 
bibliography of 233 references, divided by sub- 
ject matter into seven sections, is included. 

A patent has been issued on a method of pro- 
tecting tantalum crucibles from reaction with 
molten uranium.*! The protection is provided 
by a tantalum monoboride layer formed on the 
tantalum. 

Studies have been reported on the rate of re- 
action of highly irradiated uranium with air, 
carbon dioxide, and steam and on the simulta- 
neous release of fission products.” The rela- 
tive tendency of these reactants to promote 
fission-product release was in the order: air > 
carbon dioxide > steam. Highly irradiated ura- 
nium was more reactive than nonirradiated 
uranium, probably because of defects in the 
oxide coating produced by fission products. 
Complete oxidation or melting released large 
quantities of the rare gases, iodine, and tellu- 
rium, and, to a lesser extent, ruthenium, ce- 
sium, and strontium, the extent depending on 
the magnitude of self-heating. 


Processing of Ceramic Fuels. The “salt- 
cycle” process is under development at Hanford 
for processing uranium dioxide fuels. The proc- 
ess involves dissolution of uranium oxide ina 
sodium chloride—potassium chloride eutectic by 
the action of chlorine to produce uranyl chlo- 
ride, followed by electrolytic reduction to ura- 
nium dioxide. Recently, efforts have been con- 
centrated®*—*® on: (1) evaluating lower melting 
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chloride systems which might permit operation 
at lower temperatures and thus reduce the cor- 
rosive attack on various container materials, 
(2) the electrolytic production of pilot-plant 
quantities of uranium dioxide, and (3) prepara- 
tions for demonstration of the salt-cycle proc- 
ess with irradiated material.” 

The most attractive alternate to the sodium 
chloride—potassium chloride eutectic (melting 
point 660°C) is a sodium chloride -—lead chloride 
eutectic system (melting point 411°C).°* Elec- 
trolyses at 450 to 500°C have given good ad- 
herent deposits of uranium oxide, having lead 
and potassium concentrations of about 200 ppm. 
The principal disadvantage of the lead chloride 
system has been the low solubility of lead chlo- 
ride in aqueous systems, which has made the 
removal of salt from the dendritic uranium 
oxide deposits difficult. As in the case of the 
sodium chloride—potassium chloride system, 
the addition of a small percentage of thallous 
chloride increased the rate of U,O; dissolution 
(by a factor of 6 for the leadsalt system).°*° The 
uranium dioxide subsequently produced on elec- 
trolysis had 500 ppm lead, 500 ppm potassium, 
and 20 ppm thallium. Efforts to sublime salt 
from the oxide were unsuccessful. 

In the pilot-plant electrolysis unit, about 90 
Ib of uranium dioxide has been produced’ since 
July 1960. Typical analyses of oxide produced 
from a starting material of uranyl chloride 
monohydrate dissolved in the sodium chloride — 
potassium chloride eutectic are 30 ppm chloride, 
65 ppm sodium, 80 ppm potassium, 150 ppm 
carbon, and an oxygen-to-uranium ratio of 
2.015. The uranium oxide is deposited in con- 
tinuous sheets up to 4 mm thick. Next to the 
cathode exists a fine crystalline layer10to 50y 
thick, followed by a 1.5-mm-thick randomly 
oriented layer of larger crystals, and then by 
a 2.5-mm-thick columnar deposit of large crys- 
tals. The outer formation is considered to be 
the most desirable. Run times of the pilot-plant 
unit have been limited by depletion of the salt 
and by buildup of tetravalent uranium by side 
reactions. 

A low-decontamination process for oxide 
fuels involving oxidation-reduction cycles with 
air and hydrogen is being studied at Atomics 
International. Although the primary goals ofthis 
process are reenrichment and refabrication, 
some decontamination from cerium, ruthenium, 
tellurium, iodine, and the rare gases is ex- 
pected. Remote equipment to process and refab- 


ricate high-burnup fuels is under construction.” 
The scope of this project includes decladding, 
processing, refabrication of pellets, loading of 
capsules, and reirradiation through several 
complete cycles. 

Through three oxidation-reduction cycles on 
material irradiated up to 7000 Mwd per ton of 
uranium, no significant fission-product decon- 
tamination was observed for any element except 
ruthenium, for which a maximum decontamina- 
tion factor of 2 was found.” This low decon- 
tamination is believed to be the result of low 
processing temperatures (oxidation at 200°C 
and reduction at 600°C). 

One run has been reported*’ with irradiated 
uranium dioxide powder in which the removal 
of ruthenium was investigated over the tem- 
perature range from 300 to 1000°C. The pro- 
cedure involved heating to the desired tem- 
perature, admitting oxygen for about 15 min, 
sampling the oxide, flushing with argon, and 
heating to a new temperature for repetition of 
the procedure. The results given in Table IV-10 
indicate that most of the ruthenium removal oc- 
curs at temperatures above about 600°C. 


Table IV-10 RUTHENIUM DECONTAMINATION FROM 
IRRADIATED UO, BY REACTION WITH OXYGEN 
TO 1000°c™" 





Decontamination 








Temp., °C factor (cumulative) 
309 1.1 
408 1.2 
517 1.2 
628 1.3 
739 2.6 
850 4.3 


1000 6.5 





Significant increases in the rate of removal 
of uranium dioxide from stainless-steel tubes 
have been achieved by piercing the cladding at 
several points.** Results performed on ‘/,-in.- 
diameter 3-ft sections have indicated nearly 
complete removal of the oxide in times of <10 
hr at temperatures up to 600°C. In a nonvi- 
brated setup a '/,-in.-diameter 8-in.-long tube 
containing uranium dioxide irradiated to 15,000 
Mwd per ton of uranium and punctured at 1'/,-in. 
intervals was decanned in about 20 hr. Rates 
were as much as 10 times greater than would 
be expected for unpunctured tubes. However, at 
one time the tube plugged at both ends, and it 
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was necessary to carry out a reduction operation 
to dislodge the plugs. 

A process has been described for the recovery 
of fertile oxide materials from dispersion-clad 
fuel elements consisting predominantly of iron.” 
It consists in melting the iron, allowing the oxide 
to collect on the surface, and mechanically 
separating it from the molten metal. 

Methods of processing uranium carbide fuels 
are being investigated on the gram scale at 
Atomics International. Two processes are being 
considered: (1) conversion of the carbide to 
uranium oxide in an oxygen atmosphere and 
subsequent reconversion to the carbide by re- 
action with carbon at elevated temperatures 
and (2) a process in which the carbide (or the 
oxide) is chlorinated, uranium chloride being 
volatilized to separate some fission products 
and then reconverted to uranium carbide. The 
oxidation of large quantities of uranium carbide 
presents problems in reaction rate control and 
in heat dissipation. A furnace has been con- 
structed which utilizes a continuous screening 
apparatus for separation of the finely divided 
uranium oxide product.’’ On a 100-g scale the 
bulk of the reaction appears to be complete in 
about 45 min at about 400°C. However, it was 
found that a small amount (about 1 to2 per cent) 
of the uranium carbide was not reacted, even 
after air oxidation at temperatures in the 500 
to 550°C range for 1 to 2 hr. Fissia (fissium 
oxide) resulting from the oxidation of uranium 
carbide has been chlorinated with a resultant 
volatilization of 84 per cent of the uranium as 
pure uranium tetrachloride.*' 

In connection with the reconversion of oxide 
to carbide, it was found that ball-milling mix- 
tures of UO, or U,O, in carbon greatly increased 
the reaction rate on heating in vacuum.*’ Theo- 
retical rate losses were obtained in 4'/, hr at 
1350°C, with most of the carbon monoxide being 
evolved in 2 hr. 

Studies are in progress at Oak Ridge on the 
release of gaseous fission products from irra- 
diated uranium dioxide fuels. Although the ob- 
jective of this work is to develop knowledge of 
the pressure buildup within the cladding ofa fuel 
element on irradiation, the findings have some 
pertinence to fuel processing. Some of the fac- 
tors involved have been discussed.®! A study of 
the release of iodine from high-density UO, 
during irradiation in the Oak Ridge reactor in- 
dicated that iodine release has the same tem- 
perature dependence as that of the release of 


xenon and krypton, namely, diffusion controlled 
with high release at temperatures at which grain 
growth occurs.®* The chemical behavior of fis- 
sion products in fissioning UO, is being studied. 
It is expected that rare earths will form oxides. 
No trouble from their introduction into the fuel 
is anticipated since they will not melt at antici- 
pated reactor operating temperatures. Fission 
products, molybdenum, cesium, rubidium, tech- 
netium, ruthenium, rhodium, and palladium are 
likely to appear as metals. It is possible that 
these metals will form a liquid alloy which 
probably will be largely retained in the porous 
fuel matrix. 


A program has been started at Battelle®® to 
investigate fission-gas release from irradiated 
ceramic fuel materials during postirradiation 
heating. Apparatus developed for this study has 
been described.®® Other fission-gas collection 
systems have also been described.!?*"® 


Liquid-Metal and Salt Processes 


The possibilities of utilizing liquid-metal and 
salt systems for processing nuclear fuel mate- 
rials are being explored at several atomic en- 
ergy sites. The processes envisioned generally 
involve dissolution of the fuel material in a 
suitable liquid metal and subsequent purification 
steps which include selective crystallization, 
extraction by immiscible metals or molten salts, 
volatilization, and selective oxidations and re- 
ductions between metal and salt systems using 
electrolysis or appropriate salts and metals as 
oxidants and reductants. The product metal may 
be recovered by vaporizing the solvent metal. 
Solvent metals are therefore selected, not only 
on the basis of capability for dissolving appre- 
ciable amounts of metals of interest, such as 
uranium and plutonium, but also on the basis of 
having sufficiently high volatility to facilitate 
their eventual removal by volatilization. Metal 
solvents generally include zinc, cadmium, mer- 
cury, magnesium, and aluminum (although alu- 
minum does have very low volatility). 

To provide a firm background for process 
design, solubility data in the liquid-metal sys- 
tems of interest are required for a great many 
elements —fissile, fission-product, and struc- 
tural material elements. ANL has a fairly large 
program in this area for determining solubili- 
ties in zinc, cadmium, and magnesium, Solu- 
bilities have been reported for europium, gado- 
linium, dysprosium, erbium, manganese, alu- 
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minum, and nickel in cadmium over temperature 
ranges of interest.*’ The solid phases in equi- 
librium with the saturated solutions are also 
being determined. 

Coprecipitation of various metallic elements 
is an important process phenomenon in process 
steps in which precipitation is employed to ef- 
fect desirable separations. Coprecipitation may 
obstruct separations, but it can also be utilized 
to advantage. To gain a better understanding of 
coprecipitation in metal systems, a systematic 
study is under way’’ to ascertain the influence 
of atomic size, valence, and electronic configu- 
ration on coprecipitation of various elements 
from cadmium solution with cerium-cadmium 
intermetallic CeCd,,. The coprecipitation coef- 
ficient, ,., defined by the following equation: 


tracer in solution 


l ttn cnet 


total tracer 


carrier in solution 
total carrier 





= A log 


has the values indicated for the following ele- 
ments with CeCd,,: 0 for sodium, lithium, po- 
tassium, and yttrium; 0.099 for europium; 1.49 
for lanthanum; 0.13 for uranium; 0.10 for stron- 
tium; and 0.04 for zirconium. 

The existence of two intermetallic compounds 
in the uranium-zinc system has been conclu- 




















Sively shown by vapor pressure studies, thermal 
analysis, X-ray and metallographic examina- 
tions, and chemical analysis.*’ Previously only 
one phase,®’®® originally identified as UZn, or 
as U,Zn;;, had been thought to exist. The new 
phase, referred to as the epsilon phase, is 
richer in zinc and decomposes peritectically at 
about 840°C to form the U,Zn,;, or delta phase. 
Chemical analyses of epsilon crystals indicate 
a uranium content of 23.7 to 24.6 per cent, com- 
pared to about 30 per cent for the delta phase. 
Work was continued at ANL on the develop- 
ment of a liquid-metal process for recovery and 
Suitable purification of fissionable material 
contained in crucible skull material remaining 
after melt-refining operations on EBR-II fissium 
alloys. The processes under consideration pres- 
ently utilize liquid zinc and magnesium systems 
as media in which recovery and purification 
operations are conducted. The present process, 
shown in Fig. IV-14, consists in freeing the 
skull material from the crucible by oxidation; 
selectively leaching the relatively noble fission 
products such as ruthenium and molybdenum 
with zinc; reducing the uranium oxides with 
magnesium dissolved in a separate zinc solu- 
tion; and precipitating uranium in two succes- 
Sive steps for purification purposes, first as a 
uranium-zince intermetallic from a zZinc-rich 
solution and then as uranium metal from a 
magnesium-rich solution. A uranium metal 
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product is then isolated by retorting to vaporize 
the associated solvent metals. This process 
differs from one shown in a previous Review’ 
by incorporation of the noble metal leaching 
step and by reduction of uranium oxides in a 
dilute magnesium-zinc solution rather than in 
pure magnesium with a consequent reversal of 
the precipitation steps. 

This process has been improved considerably 
through the use of one of Several possible molten 
halide fluxes in conjunction with a magnesium- 
zinc reducing solution.*’ In the presence of a 
suitable flux and by adequate mixing, quantita- 
tive reductions of both pure uranium oxides and 
skull oxides were consistently obtained within 
2 hr, and many were obtained within 30 min. 
Complete reduction of plutonium dioxide was 
Similarly achieved. Another outstanding advan- 
tage of a flux is that it acts as a vehicle in 
which the magnesium oxide reaction product is 
suspended, thereby enabling a clean separation 
of this material from the metalphase. Physical 
removal of the magnesium oxide from a metal 
phase by filtration or through liquation of the 
magnesium oxide has been troublesome and un- 
satisfactory. A third advantage of the halide 
salt fluxes is that the reductions can, if desired, 
be conducted in an air atmosphere. Since unre- 
duced uranium oxides are also suspended in the 
flux phase, a fourth potential benefit of a chlo- 
ride flux arises from the possibility of reducing 
and leaching noble metals from the skull oxide 
with zinc prior to the reduction of uranium and 
the more stable fission-product oxides with 
magnesium. The removal of ruthenium from 
skull oxides by this procedure was demon- 
strated. 

The salt fluxes found beneficial were mixtures 
of chlorides of alkali and alkaline-earth ele- 
ments, the most rapid reductions occurring 
with the lighter cations. Magnesium chloride 
was a major ingredient in all fluxes that gave 
complete reduction within 30 min, and it is 
therefore presently regarded as an essential 
ingredient. Magnesium fluoride (5 mole %) was 
also present in all fluxes because of its effec- 
tiveness in providing clean and rapid coales- 
cence and separation of the salt and metal 
phases. 

A possible simplification of the process for 
isolation of plutonium bred in the uranium blan- 
ket of the EBR-II reactor involves the direct 
low-temperature (450°C) reaction of uranium 
with zinc in slight excess of stoichiometric to 


give an intermetallic (UZn,;,;), which would then 
be treated with magnesium to decompose the 
intermetallic and dissolve the plutonium.*’ The 
low-temperature reaction was demonstrated 
with full-sized blanket pins 0.433 in. in diame- 
ter. Under the static conditions employed, re- 
action rates were slow (about 100 hr for com- 
plete reaction), but a substantial increase in 
reaction rates is thought to be possible. 


A program is under way at ANL for evalu- 
ating materials to be used for containing liquid- 
metal systems of interest.*’ Graphite shows 
promise of being an outstanding container ma- 
terial. In a 100-hr holding run, a plutonium- 
zinc solution at 800°C was stable in a graphite 
crucible. The very slight attack of tantalum by 
zinc at 850°C is further reduced by the addition 
of magnesium. In preliminary tests a tantalum — 
7.5 per cent tungsten alloy has shown better 
resistance than tantalum to attack by zinc. A 
report has been issued on studies of corrosion 
by molten zinc and cadmium systems. 


A status report®’ has been issued on the Dow 
Chemical Company aluminum pyrometallurgical 
process on work done through fiscal year 1960. 
This process consists in dissolving uranium in 
molten aluminum, precipitating the uranium as 
UAI1, by the addition of magnesium, separating 
the UA], and dissociating it by treatment with 
zinc or magnesium, and retorting to vaporize 
the residual zinc or magnesium to enable re- 
covery of a uranium metal product. Fission- 
product removals are effected by several mech- 
anisms: volatility, insolubility in aluminum, 
and solubility in supernatant metal phases. 
This flow sheet and various modifications were 
evaluated in terms of application to an EBR-II 
fast-breeder-reactor fuel cycle. The behavior 
of uranium, plutonium, and fission products in 
the various process systems is discussed. 
Graphite was generally employed as the con- 
tainer material. 

The process has two serious limitations: 
(1) limited ability to handle molybdenum and 
ruthenium without significant sacrifice of ura- 
nium and (2) difficulty in removing aluminum, 
which necessitates either extensive washing 
operations with magnesium or zinc with asso- 
ciated uranium losses or which, without wash- 
ing, results in uranium products with residual 
aluminum contents of around 1 percent. The ef- 
fect of aluminum on radiation stability of the 
alloy has not been tested. 
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A second suggested application of the alumi- 
num process is as 2 head-end step* inthe proc- 
essing of low uranium—zirconium fuel alloys. 
In molten aluminum, zirconium is converted by 
a process of exfoliation to an insoluble com- 
pound, ZrAl,, and the uranium goes into solution 
in the aluminum. Nearly quantitative removal 
of zirconium may be effected, and uranium 
losses can be made small. Uranium may be 
subsequently precipitated from the aluminum 
solution as UAI, by the addition of magnesium, 
and, after separation, the UAl, may be dissolved 
in nitric acid to provide a feed solution to the 
Purex process. 

Processes for thorium fuels are being studied 
at Atomics international. Thorium, present in 
a 25 per cent thorium—aluminum alloy, was 
largely separated from aluminum by dissolution 
of the alloy in zinc and precipitation of the tho- 
rium as the zincide.* The separationof uranium 
from thorium-uranium alloys by methods such 
as zone refining, electrorefining, and selective 
precipitation from liquid-metal solvents is also 
being investigated.**5® Principal attention is 
being given to a process based on the high solu- 
bility of thorium in molten magnesium or 
magnesium-silver alloys and the contrasting 
low solubility of uranium. Small-scale active 
runs in which the uranium and thorium were 
separated, retorted, and arc melted into buttons 
showed approximately 5 per cent of the initial 
activity with the uranium and 15 per cent with 
the thorium.™ 

A zinc solution and precipitation scheme was 
briefly examined for the processing of thorium- 
uranium fuels.’’ Although appreciable fission- 
product removal was realized in this prelimi- 
nary work, low uranium and thorium recoveries 
suggest that a cautious interpretation of these 
removals should be made. Lead and thallium 
were found to be inefficient extractants of fission 
products from a uranium-thorium-aluminum 
alloy." 

Thoria was reduced from molten cryolite by 
aluminum in graphite crucibles with nearly 
quantitative yields to make aluminum—20 wt.% 
thorium alloys directly."' The reaction, when 
carried out at 1050°C, was complete in 30 min. 
Alloys up to 40 wt.% thorium may be produced. 
The reaction is presumably driven by the high 
free energy of formation of ThAl,, estimated at 





*U. S. Patent 2,963,361. 


36.5 kcal. Some doubt existed previously as to 
the composition of the thorium-aluminum inter- 
metallic compound. Runs specifically made for 
the purpose of identifying the thorium-aluminum 
compound resulted in the isolation of crystals 
that were unequivocally identified as ThAl],. 


This reduction process and the procedure for 
reducing uranium oxides in the skull reclamation 
process under investigation at ANL have fea- 
tures in common (such as the use of a flux and 
the suspension of the oxides in the flux). When 
thorium oxide is added to the molten fluoride 
salt, some of it dissolves in the salt, but most 
of it settles to the phase interface so that, in 
fact, an oxide slurry is present. It was postu- 
lated that the reaction proceeds most directly 
with the thoria which has settled near the inter- 
face and that the slower step which follows is 
that of depleting the dissolved thoria from the 
salt phase. A number of fluoride salt mixtures 
were investigated. It was concluded, however, 
that cryolite was the most promising reduction 
vehicle. 


The reduction yield was markedly affected by 
the initial thorium content in the metal phase 
and dropped to near zero when the thorium con- 
centration in the metal phase had increased to 
about 40 per cent. It was concluded that 40 wt.% 
thorium is at, or near, the practical limit of 
thorium buildup. Some indication was found that 
the salt phase could be reused, but, in general, 
the reduction of thorium appeared to decrease 
with the reuse of the salt phase. 


A second report” has been issued on the be- 
havior of plutonium, uranium, and some fission 
products in a system where uranium-plutonium 
alloy is melted under calcium in a tantalum 
crucible. This work was previously reviewed" 
as Paper P/32 of the second Geneva Conference. 
Plutonium, uranium, and the noble fission prod- 
ucts remain in the fuel alloy phase; the rare- 
earth and the alkaline-earth metals are ex- 
tracted into the calcium. It was concluded that 
a process based on the use of molten calcium 
is feasible for the processing of metallic fuels 
from fast reactors, provided that either the 
melting point of the fuel is considerably less 
than 1000°C or that suitable materials of con- 
tainment can be developed for use at higher 
temperatures. On the information presently 
available, the processing of metallic reactor 
fuels by molten calcium does not compare fa- 
vorably with oxide slagging. 
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A discussion of electrorefining of plutonium 
is given in Sec. V, page 71 of this issue of 
Reactor Fuel Processing. 

Crystallization of various metal phases from 
liquid-metal solutions is important in many of 
the liquid-metal processes under consideration. 
Benjamin and Strickland-Constable"’ have re- 
ported a study of solutions using solutions of 
zinc in mercury. A metastable region in which 
spontaneous nucleation could not occur extended 
to about 2°C below the saturation temperature. 
At temperatures below the metastable region, 
nucleation occurred at the walls and, perhaps, 
also on foreign particles. Stirring increased 
the rate of nucleation by a factor of about 5. 
The possibility that nucleation was occurring on 
foreign particles was somewhat ruled out by the 
fact that, when one crop of crystals was pro- 
duced and then removed from the system by 
centrifugation, the rate of nucleation of other 
successive batches of crystals was not signifi- 
cantly reduced. The alternative explanations of- 
fered were: (1) that nucleation was occurring 
only at the walls and (2) that the presence of a 
small number of nuclei formedinthe metastable 
region produced a crop of nuclei equal in num- 
ber to that obtained by spontaneous nucleation 
at temperatures below the metastable region. 
In other words, the authors postulate that nuclei 
breed nuclei with a high reproduction factor. 

The kinetics of reactions between liquid met- 
als and salts is a continuing study of the Massa- 
chusetts Institute of Technology (MIT) Metal- 
lurgy Department. Various rate processes are 
discussed in a recent progress report."° 

Several patents have been issued which bear 
on liquid-metal and fused-salt processing: 


1. Removal of rare-earth-metal fission prod- 
ucts from liquid uranium-bismuth by extraction 
with fused halides.” 

2. Production of actinide metals by reducing 
their halides with appropriate reducing metals 
in the presence of a metal solvent such as zinc, 
cadmium, or mercury which is later distilled 
away."' 

3. Improvements relating to the electrolytic 
process for refining metals such as uranium, 
thorium, and niobium.” 

4. Reduction of yttrium fluoride to yttrium 
metal with calcium.” 

5. A process for recovery of nuclear fuels, 
Specifically for separating uranium and pluto- 
nium by utilizing favorable distributions between 


salt and metal phases.*° Information on such a 
process was reported in an earlier Review."! 


Miscellaneous. Apparatus andtechniques 
were developed for the successful floating-zone 
refining of highly reactive metals.” The tech- 
nique consisted in employing a static inert at- 
mosphere in hermetically sealed all-glass sys- 
tems in which the atmospheric impurities are 
previously gettered on a discardable section of 
the bar that is being purified. This apparatus 
provides for an absolute minimum of contamina- 
tion from gaseous impurities during the long 
melting procedures necessary for zone refining 
of highly reactive metals. 

Methods have been described®*® for the pro- 
duction of pure metals such as hafnium, molyb- 
denum, and zirconium by De Boer type proc- 
esses (vaporization of halide and decomposition 
on hot wire). In connection with the production 
of ductile hafnium by means of vaporization and 
decomposition of the iodide, it was concluded 
that no substantial separation of zirconium from 
hafnium takes place. Ductile molybdenum was 
obtained by thermal dissociation of molybdenum 
pentachloride on a tungsten or molybdenum wire 
heated to 1300 or 1400°C. Separation of zirco- 
nium from zirconium carbide in a laboratory 
device in which iodine was reacted with the car- 
bide to produce zirconium iodide was also de- 
scribed, 

The vapor pressure of thorium was deter- 
mined over the temperature interval of 1757 to 
1956°K by the vacuum evaporation method of 
Langmuir.** The vapor pressure equation for 
Th(solid) to Th(gas) is as follows: 


— 28,780 
log Patm = TK + 5.991 
Derived thermodynamic data are presented.* 


Corrosion 


Many of the chemical processing procedures 
under development involve unusually corrosive 
chemicals. As a result, various AEC contrac- 
tors have, where necessary, established pro- 
grams to determine what construction materials 
are most suitable for their processes and to 
define limitations beyond which these materials 
should not be used. It is not infrequently that 
developments in this area influence the develop- 
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ment of processes. In this section an effort is 
made to consolidate current information on such 
processes where programs have been estab- 
lished. 


Solvent Extraction 


The AEC is considering the processing of a 
large number of research- and power-reactor 
fuels. Many of these fuels cannot be processed 
in existing plants directly but must be subjected 
first to any one of several head-end procedures 
that produce aqueous solutions suitable for in- 
troduction into these plants. The development 
of these head-end procedures has presented 
some serious corrosion problems. 

The Sulfex process is one of several head-end 
procedures developed for the purpose of re- 
moving the cladding from stainless-steel-clad 
fuels. Refluxing with 4M to 6M sulturic acid is 
used in the process, Tests are being made to 
determine the limitations of low-carbon Nionel 
as a construction material in this system. The 
results'*® of tests with 6M sulfuric acid, both 
with and without dissolved stainless-steel cor- 
rosion products, are shown in Table IV-11. The 


Table IV-11 CORROSION OF LOW-CARBON NIONEL IN 
SULFEX DECLADDING SOLUTIONS"*® 


(Temperature: Refluxing; Reference Solution: 
6M H,SQ,; Exposure Times: 48 to 120 Hr) 





Corrosion rate, mils/month, for the 
indicated conc. of S.S.-304 corrosion 








é products 

Coupon 
location 0 g/liter 10 g/liter 
Liquid 3.3 0.7 
Interface 2.6 1.4 
Vapor 1.4 2.3 





presence of dissolved stainless-steel corrosion 
products reduced the general attack by a factor 
of nearly 5. Specimens in the vapor phase, how- 
ever, showed an increased attack. These re- 
sults do not agree with those previously obtained 
at BMI under similar conditions. Some random 
pitting of interphase and liquid-phase specimens 
were observed in the solution containing corro- 
sion product. Specimens from clean acid con- 
tained no pits. 

In Sulfex decladding runs made in Hanford’s 
recirculating-dissolver pilot-plant facility, sub- 
stitution of steam for air during a gas sparging 
step decreased the corrosion rate of the dis- 


solver vessel by 60 to 70 per cent. The vessel 
is fabricated from Hastelloy F alloy.” Further, 
the substitution of steam increased the rate of 
reaction with type 304L stainless-steel cladding. 


The Hanford Hastelloy F pilot-plant dissolver 
is not only used for studies of the Sulfex process 
but also for the Niflex and Zirflex processes. 
Accumulated corrosion of the dissolver from 
these process studies has become increasingly 
apparent. A hole has appeared in the bulk metal 
of the dissolver behind a small bracket that had 
been installed in such a manner that a stagnant 
pocket had formed.” It is postulated that ac- 
celerated corrosion took place through a con- 
centration cell mechanism. Visual inspection 
of internal surfaces has revealed (1) slight pit- 
ting of the heat-affected metal adjacent to welds 
and (2) general etching of nonheat-affected 
surfaces. 


One method of processing uranium-molybde- 
num fuels [such as the Detroit Edison (Power 
Reactor Development Company) fuel] is to dis- 
solve the fuel in a mixture of nitric acid—ferric 
nitrate. Container materials that have been 
considered suitable for use in this method in- 
clude type 304 stainless steel, Hastelloy F, and 
Nionel. However, rates of attack of these mate- 
rials by some nitric acid—ferric nitrate mix- 
tures were as high as 12 to 13 mils/month.*’ In 
current studies, titanium 45A has been exposed 
to a solution simulating a final dissolvent com- 
position of 3M to 8M nitric acid, 0.5M ferric 
nitrate, and 0.02M molybdenum trioxide. In re- 
fluxing tests extending to 620 hr, the maximum 
observed corrosion was <0.1 mil/month.”®™ 
This is a considerable improvement over the 
other alloys tested. 


The Savannah River Laboratory recently 
achieved the electrolytic dissolution of uranium — 
10 per cent molybdenum fuel. The electrolyte 
was 10M nitric acid. Tantalum and columbium 
are considered to be possible construction ma- 
terials for the anode basket in a plant-sized 
electrolytic dissolver.** Both these metals are 
characterized by abnormally high overvoltage, 
thus making them inert during a normal elec- 
trolytic dissolution in which the impressed 
voltage does not exceed 10 volts. To determine 
whether high radiation fields alter the over- 
voltage characteristic, an electrolytic cell was 
set up in a radiation field of 10' rep/hr. The 
cell was successfully operated up to an applied 
potential of 18 volts.®® 
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At the Savannah River Laboratory, the effect 
of the accumulation of stainless-steel corrosion 
products in nitric acid on the corrosion of a 
number of austenitic stainless steels is being 
studied, It is generally known that the accumu- 
lation of even traces of corrosion products in 
boiling concentrated nitric acid causes rapid in- 
tergranular degradation of the austenitic steels. 
The Savannah River Laboratory has explored 
the acid concentration range up to 4M, in which 
the effect of the presence of dissolved corrosion 
product is less known. The austenitic stainless 
steels tested included wrought 309SCb, 309SCb 
arc welded, 304L, and 304L heliarc welded with 
308L. Several test solutions also included ura- 
nium. The results are shown in Fig. IV-15. 
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Fig. IV-15 Corrosion of types 304L and 309SCb 
stainless steels in boiling nitric acid that contained 
an accumulation of dissolved stainless-steel corro- 
sion products.® 


Maximum corrosion rates of about 50 mils/year 
were observed with 15 to 20 g of dissolved 
stainless steel in the solution. Acid concentra- 
tion up to 4M seemed to have little effect on the 
corrosion observed. Metallographic examina- 
tion of the test coupons showed that intergranu- 


lar attack occurred with wrought 304L, 308L 
welds, wrought 309SCb, and wrought 309SCb 
welds. 

A report on the corrosion of stainless steel 
in nitric acid—hydrofluoric acid solutions has 
been published.®® This work also originated at 
the Savannah River Laboratory. The incentive 
to do the work is associated with the possible 
processing of zirconium- or Zircaloy-clad fuels 
in the existing equipment at Savannah River. 
The bulk of the equipment is made from types 
304L or 309SCb stainless steel. The acid con- 
centration ranges employed were from zero to 
10M nitric acid and 0.01M to 1.5M hydrofluoric 
acid. Temperatures ranged from 24°C to the 
boiling point. Weldments were included in the 
study, as was the effect of various additives 
such as zirconium, uranium, and aluminum. 
The generalized corrosion rates®® of types 
309SCb and 304L stainless steel as a function 
of acid concentration and temperature are shown 
in Figs. IV-16 and IV-17, respectively. The 
superiority of the stainless-steel type 309SCb 
alloy is evident. Also noteworthy is the reversal 
of the slope in the type 304L curve at room 
temperature. The corrosion rate decreases with 
increasing nitric acid content, whereas the in- 
verse is true for the other three plots. The 
second of the four plots also shows that mini- 
mum corrosion occurs at a nitric acid concen- 
tration level of 1M. The Savannah River pro- 
posal for the dissolution of zirconium-clad fuels 
in nitric—hydrofluoric acid mixtures has sub- 
sequently been modified to 1M nitric acid— 
0.075M hydrofluoric acid from a previous 3M 
nitric acid—0.075M hydrofluoric acid. Consid- 
erably diminished localized weld-metal attack 
accompanied this change. Additions of zirco- 
nium tetrafluoride were found to increase the 
rate of attack because of the increased fluoride 
content. Additions of uranium as the nitrate 
decreased the corrosion rate of stainless-steel 
type 309SCb as long as the concentration of 
nitric acid was <3M. Additions of molybdenum 
similarly reduced the attack. 

Hanford is planning to process and declad 
zirconium and stainless-steel fuels by the Zir- 
flex process and the Sulfex process, respec- 
tively. Vacuum-melted Hastelloy F, although 
having some limitations, is the preferred con- 
struction material. As described in an earlier 
Review,'’ Hanford, with the cooperation of Bat- 
telle, entered into an alloy-development pro- 
gram for the purpose of overcoming the sensi- 
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Fig. IV-16 Corrosion of type 309SCb stainless steel 
in nitric acid— hydrofluoric acid solutions .® 
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tivity of Hastelloy F tointergranular penetration 
in areas adjacent to welds. The results of tests 
with the first set of 12 experimental nickel- 
chromium-base alloys was presented in the 
October 1960 issue of Reactor Fuel Processing. 
Battelle found that none of the alloys inthe first 
set eliminated the attack when used as a filler 
metal for welding Hastelloy F. However, the 
alloys did appear to have some promise as a 
primary material of construction in nonwelded 
assemblies. Hence, the original concept of fur- 
nishing a satisfactory filler metal alloy has been 
abandoned, and a second set of 12 experimental 
alloys has been made for the purpose of im- 


proving the alloys as base materials of con- 
struction. The synthesis and testing of the sec- 
ond set have now been completed, and BMI has 
issued a report covering the entire project.” 
The compositions of the second set of alloys are 
shown in Table IV-12. Welded specimens were 
subjected to aerated, boiling Sulfex solutions 
(3.5M sulfuric acid containing 20 g of dissolved 
Stainless steel per liter) and boiling Niflex so- 
lutions (1M nitric acid—2M hydrofluoric acid). 
Alloys 23 and 24 were attacked at a rate of <0.3 
mil/month in the Sulfex solution, whereas the 


Table IV-12 COMPOSITIONS OF SECOND SET 
OF BMI EXPERIMENTAL ALLOys” 


Intended composition,* wt 








Alloy Ni Cr Mo Co Fe Ti Cu 
13 45 22 1.5 29.5 l 
14 45 22 4.5 26.5 l 
15 45 22 gy 22 l 
l¢ 45 22 9 21 l l 
17 > 25 1.5 21.5 l 
18 0) 25 4.5 18.; l 
19 50 25 6 17 l 
20) 50 25 ¢ 16 l 1 
1 50 25 1.5 18.5 l 3 
22 25 22 t 25 2( l 
23 25 25 6 25 17 l 
24 25 2 9 25 14 l 
*All alloys intended to contain 0.02 wt carbon, 0.6 
wt manganese, and 0.4 wt.% silicon 


corresponding rates for other alloys ranged 
from 10 to 70 mils/month. However, alloys 23 
and 24 were severely attacked in the Niflex so- 
lutions; weldments were penetrated at the end 
of five exposure periods of 25 hr each. In gen- 
eral, no Selective attack in the heat-affected 
areas occurred except for slight indications in 
alloys 15, 16, 23, and 24. The only alloys that 
showed no preferential attack in the weld areas 
were alloys 18, 19, and 20. The experimenters 
concluded that, of the compositions studied, al- 
loys 19 and 20 were optimum. Battelle suggests 
that further improvement might be obtained if 
the chromium and nickel contents were in- 
creased as far as possible without impairing 
workability.*° Hanford’’***’ has tested alloys 
4, 11, 20, and 21. The effect of heat-treatment 
on corrosion rates in Niflex solutions and boil- 
ing 65 wt.% nitric acid was studied. Various 
annealing temperatures in the range of 1250 to 
2150° F were included. No significant difference 
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in the corrosion rate was observed over the 
annealing temperature range or as the result of 
the method of quenching following annealing. 
Both rapid and slow cooling of samples following 
annealing were used.” Laboratory-scale dis- 
solvers were fabricated from the four experi- 
mental BMI alloys for further testing. 

A second report on the corrosion of alloys in 
aqueous hydrofluoric —nitric acid solutions was 
published at ICPP.*! Acid concentrations in- 
cluded in the study were 1M to 10M hydrofluoric 
acid and zero to 13M nitric acid. The following 
metals were tested: 309Cb, 316L, Carpenter-20 
Cb, Hastelloy F, Incoloy 804, Monel, and tanta- 
lum. Exposure periods in all cases were 48 hr, 
and three periods were used for eachtest. Cor- 
rosion rates ranged from 140 to 936 mils/ 
month. Since present allowable corrosion rates 
in the ICPP are considered to be 2 mils/month, 
the study was discontinued. 

Hanford is exploring the possible applications 
of anodic passivation as a means of corrosion 
control in its process equipment. The first en- 
vironment in which studies are being made is 
67 wt.% sulfuric acid at 25°C, using stainless- 
steel type 304L as a construction material. In 
preliminary experiments, anodic passivation 
was achieved in 20 min at a current density of 
3.4 ma/cm’. Once established, passivation was 
maintained at a current density of 3 ua/cm’. No 
mention is made of the effect of this passivation 
on the corrosion rate. In 65 wt.% nitric acid 
or in synthetic Purex 1WW waste solutions, no 
reductions in corrosion rates were achieved at 
any of the current densities tried. 


Corrosion in Storing and Processing 
Radioactive Wastes 


In a recent report the results of a study of 
the corrosion of various materials in several 
neutralized radioactive wastes were reported.” 
The study was made to determine the possibility 
of attaining greater economy in the storage of 
wastes by using either large carbon steel or 
less expensive stainless-steel tanks. The three 
types of wastes considered were as follows: 

(1) caustic-neutralized hydrofluoric acid con- 
taining wastes from the processing of zirconium 
fuels (STR process), (2) caustic-neutralized 


aluminum nitrate wastes (Redox process), and 
(3) aluminum nitrate wastes treated with para- 
formaldehyde. Fifty per cent caustic was added 
to the first two wastes until H 10 was achieved. 


The materials tested included welded mild steel, 
and types 304L and 347Cb stainless steel. A 
fourth material (ASTM A285-54T grade C, a 
low-alloy steel) was tested in the third waste 
solution only. Exposure times were 3, 6, and 
12 months, and the test temperature was 60°C. 
In the neutralized zirconium process waste, 
mild steel showed general rates of attack which 
would normally be considered acceptable: <0.1 
mil/month. However, the specimens suffered a 
pitting type of attack in all three phases (liquid, 
interface, and vapor) for all testing periods, 
and, hence, mild steel cannot be recommended 
as a construction material for storage tanks. 
Both stainless steels were satisfactory in both 
their resistance to general corrosion and in 
resistance to pitting. In the Second solution, 
localized pitting was evident on mild-steel 
specimens at both the interface and in the vapor 
phase. No pitting was observed in the liquid 
phase. In the aluminum nitrate waste treated 
with paraformaldehyde, the surface corrosion 
rate of carbon steel was sufficiently high to ef- 
fect the corrosion of the identifying numbers of 
the specimens beyond recognition after 12 hr. 
In this case also, the two austenitic stainless 
steels (types 304L and 347Cb) performed satis- 
factorily. It was concluded in the report that 
mild steel could not be recommended as a con- 
struction material for storage of any of the 
three wastes tested. 

Corrosion testing has been continued at ORNL 
for the purpose of evaluating the resistance of 
materials for storage of wastes resulting from 
the Purex 1WW process, in which the feed was 
the product from Darex dissolutions. Since the 
composition of the Purex 1WW stream under- 
goes some variation from time to time, a syn- 
thetic composition that is considered to be rea- 
sonably typical of the stream has been selected. 
Tests were made with both 2M and 5M nitric 
acid containing 100 ppm chloride ion and 1.82M 
stainless-steel dissolution product. The corro- 
sion observed is predominantly intergranular in 
nature, and the results in Table IV-13 are the 
values obtained by metallographic observation. 
It is not yet known whether this amount of cor- 
rosion is acceptable for long-term storage. 
Longer test exposures are needed to resolve 
this problem. 

Five of the experimental nickel-chromium- 
base alloys prepared by BMI were also evaluated 
for use in boiling Purex 1WW waste solutions.” 
All specimens were evaluated as weldments, 
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Table IV-13 CORROSION OF STAINLESS STEELS 
IN SYNTHETIC DAREX-PUREX 1WW WASTE® 


(Composition: Acid as Shown, 100 Ppm; 1.82M Dissolved 
Stainless Steel; Duration of Tests: 1000 to 2500 Hr) 


Intergranular attack, mils 





Temp., °C 2M HNO, 5M HNO, 
S.8.-304L 50 0.5 0.5 
65 1 
80 1—3 1 
S.S.-347 50 0.5 0.5 
80 1 1.5—2 


both self-welded and welded with type 304L 
Stainless steel. Corrosion of the base metal 
was somewhat less than that for stainless-steel 
type 304L. Two of the self-welded BMI samples 
were attacked preferentially in the weld metal. 
This attack may have occurred as a result of 
effects brought about by a loss of inert sparge 
gas during welding. It has been observed that 
the corrosiveness of the Purex 1WW stream to 
both stainless-steel type 304L and the experi- 
mental nickel-base alloys can be reduced 
markedly (perhaps by as much as a factorof 10) 
by the conversion of the hexavalent chromium 
present in the waste to the trivalent chromium. 
One way of obtaining this reduction is to reflux 
the Purex 1WW with 0.05M ferrous ammonium 
nitrate and 0.1M sulfamic acid. 


Fluoride-Volatility Processing Methods 


ORNL is exploring the possibility of con- 
verting UF, to UF, by the Fluorox process. In 
this process, uranium is oxidized to the hexa- 
valent state with dry air or oxygen ina continu- 
ous 4-in.-diameter fluidized-bed reactor, in 
which bed temperatures of 700 to 850°C are 
normally used. Corrosion evaluations are being 
made coincident with process studies.** By 
utilizing a variety of techniques of corrosion 
evaluation, it has been established that the at- 
tack on the Inconel vessel walls in the fluid-bed 
region has been on the order of 150 to 700 mils 
year when the bed was maintained at an operat- 
ing temperature of 860°C. It is expected that 
wall temperatures are 50 to 150°C higher. A 
10- to 20-mil-thick scale (composed of metal 
fluorides, metal oxide corrosion products, and 
various uranium compounds from the bed) 
formed on the reactor wall. It is thought that 
this scale prevented the rate of attack from in- 


creasing to as much asinchesper year. Dimen- 
sional change was one of the criteria used for 
corrosion evaluation. A second criterion was 
the increase of metallic fluoride content (other 
than uranium) of the product. Exposed metal 
was also examined metallographically, but it is 
not clear from the report whether the measure- 
ments made in this manner reflected dimen- 
sional changes or intergranular attack. Some 
evidence suggests that, if thermal cycles were 
eliminated, the corrosion rates would be about 
100 to 300 mils/year. In general, corrosion was 
fairly uniform, except for a narrow zone in the 
middle of the reactor where some pitting was 
observed. The authors recognize that, if Inconel 
is to be used as a construction material for a 
production reactor, some provision would have 
to be made for replacing the fluid-bed section 
on a routine basis.** 

One oi the methods proposed for processing 
zirconium-matrix fuels is the Zircex process, 
consisting of three steps. The fuel is first hy- 
drochlorinated at temperatures of 300 to 600°C. 
The bulk of the zirconium is removed from the 
system as volatile zirconium tetrachloride. The 
residue, which contains uranium, is chlorinated 
with carbon tetrachloride vapors, thus convert- 
ing the uranium to the volatile tetrachloride, 
which is condensed in asecond vessel. Theura- 
nium can either be dissolved in nitric acid or 
converted to UF, by contacting with fluorine. In 
scouting corrosion tests, in which 15 materials 
were exposed to hydrogen chloride and nitrogen- 
diluted carbon tetrachloride vapors, it was de- 
termined that the carbon tetrachloride part of 
the cycle was the most corrosive. Corrosion 
rates at 600°C were foundto be 10 times greater 
than the rate at 400°C.™»* Current results are 
shown in Table IV-14. 

In the ARCO process under development at 
ICPP, zirconium-uranium fuels are dissolved in 
a mixture of lead—lead chloride at 520°C. The 
zirconium dissolution product is removed as 
the volatile tetrachloride, leaving behind the 
product salt containing uranium (principally as 
the trichloride), together with excess lead chlo- 
ride and the alkali, alkaline-earth, and rare- 
earth fission products. Uranium salts are quan- 
titatively leached from the lead chloride product 
matrix with 8M nitric acid. Following feed ad- 
justment, this is introduced into the solvent- 
extraction plant. The report on the process, 
including corrosion evaluations, has been pub- 
lished. Preliminary information reported in 
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Table IV-14_ CORROSION OF PROPOSED MATERIALS 
TO ZIRCEX PROCESS ENVIRONMENTS"*™:* AT 600°C 





Observed corrosion, 
Alloy mils/month 





1-Hr Exposure® to CCl, 


Nichrome-V 5.5 
Inconel 18 
Chlorimet-2 32 
Pyroceram 9608 1.0 
13-Hr Zircex Cycle*™ 
S-816 29 
Chiorimet-2 12 
Hastelloy B 46 
S.S.-316 20 


$.8.-329 213 


*Zircex cycle: (1) HCl, 11 hr, 600°C; (2) CC vapor 
plus No, 1 hr, 600°C; (3) O,, 5 min, 600°C; and (4) N, 
plus CCl, vapor, 1 hr, 600°C. 


the preceding Review has been expanded in the 
present report to include alloys other than nickel 
alloys. In addition, the report presents the re- 
sults of metallographic examinations of all the 
alloys studied (including the nickel alloys). In 
tests with molybdenum in the lead—lead chloride 
system at 520°C, the average weight loss cor- 
responded to a rate of attack of 4 mils/month; 
however, interfacial effects at the junction of 
the lead and lead chloride phases were Severe. 
Niobium showed no particular advantage over 
any of the nickel alloys tested. Metallographic 
examinations have shown no grain boundary or 
intergranular attack on Hastelloy F, Incoloy 
804, or Carpenter-20. Some grain-boundary at- 
tack was observed at depths of 10 mils in In- 
conel x.* 

A fused-salt process is under development at 
HAPO for the recovery of the uranium values 
from U;0,. The process consists in chlorinating 
U;0, with chlorine or hydrogen chloride in an 
equimolar melt of sodium chloride—potassium 
chloride. The temperatures used are 750 to 
800°C. In a second step, uranium dioxide is de- 
posited at the cathode by electrolysis of the 
molten-salt solution. In corrosion tests being 
made on the first step of this system at BMI, 
the melt is sparged with a mixture of chlorine, 
oxygen, and argon gases for 4 hr, then with 
chlorine and argon for 4 hr for a total exposure 
time of 8 hr.*”%§ Specimens are exposed at 
three locations: (1) in the melt below the sparge 
tube, (2) in the melt adjacent to the sparge tube, 
and (3) at the vapor-liquid interface of the melt 


above the sparge ‘tube. Metals considered in- 
cluded cobalt-, iron-, nickel-, niobium-, and 
tantalum-base alloys, together with pure metals 
such as silicon and tantalum. None of the ma- 
terials investigated, except silicon, has shown 
rates of attack of less than several hundred 
mils per month in all three specimen locations. 
The corrosion rate of silicon has not exceeded 
about 10 mils/month. 


Testing of a large number of materials in the 
hydrochlorinated chloride melt (equimolar so- 
dium chloride—potassium chloride) is being 
made at Hanford. Test temperatures are simi- 
lar to those used at Battelle. Nickel alloys and 
the 300- and 400-series stainless steels all 
corroded at rates in excess of 200 or more 
mils per month.**~°> Aluminum-containing al- 
loys, such as Alnico-2, -3, and -3B, have shown 
the greatest promise with rates not exceeding 
50 mils/month;®» however, some accelerated 
attack at the interface and in the vapor phase 
has been observed. Several tests have been 
made in a lower melting system: lead chloride — 
potassium chloride at 500°C. Samples of nickel- 
base alloys (Hastelloy B, D, and W) exposed to 
this less severe environment corroded at rates 
of 100, 18, and 81 mils/month, respectively.” 


Corrosion testing is continuing at BNL ona 
process in which fuels are dissolved innitrogen 
dioxide —hydrogen fluoride mixtures. The effect 
of the presence of water vapor in 30 mole % 
nitrogen dioxide—70 mole % hydrogen fluoride 
solution has been determined. At 100°C the 
rate of attack increased from 0.15 to 0.56 mil, 
month.®® As has been noted in earlier Reviews, 
zirconium dissolution and drying of the resulting 
zirconium salts intensify the corrosion of Monel. 
Under these circumstances, nickel has been 
found to be superior to either Monel or Inconel. 
New materials which show promise include 
Nionel, gold, platinum, INOR-8, and Genetron 
plastic VK-240. 


Pyrometallurgical Processing 


Pyrometallurgical processes for the recovery 
of nuclear reactor fuel include most of the non- 
aqueous methods that operate at elevated tem- 
peratures, the fluoride-volatility processes 
being notable exceptions. Methods developed at 
ANL for the processing of EBR-II fuel include 
oxidative slagging in an oxide crucible at tem- 
peratures well above the uranium melting point. 
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Table IV-15 CORROSION IN MOLTEN CADMIUM SYSTEMS!” 











Test material Corrosion observed 


100-Hr Static Tests 


Molten metal* 








Cd S.S.-410, mild steel 550 No wetting; no attack 
tantalum 

2 U-Cd S.S.-410, mild steel 550 No attack 

Cd S.S.-304 and 310 550 Intergranular attack 

2—8 Zn—0.2 Mg-Cdt S.S.-410, mild steel 550 No attack 

10 Zn—0.2 Mg-Cd S.S.-410, mild steel 550 Slight intergranular 
attack 

2—50 Mg-Cdt S.S.-410, mild steel 650 Surfaces wetted; no 
attack 

Cd S.S.-410, mild steel 700 Intergranular attack 


10 Zn—0.2 Mg-Cd S.S.-410, mild steel 700 Intergranular attack 


1000-Hr Rotating Capsule Tests 


Cd Mild steel 550 No attack 
2 U-Cd Mild steel 550 No attack 
5 Mg-Cd Mild steel 550 No attack 
2-8 Zn—0.2 Mg-Cdt S.S.-410, mild steel 350 No attack 
10 Zn—0.2 Mg-Cd S.S.-410, mild steel 350 Slight attack 


Thermal-Convection Loop Tests 


30 Mg-Cd Medium carbon steel 575—675 Mass transfer deposit, 
(144 hr) 2.5 mils; hot leg pitted 

15 Mg-Cd Medium carbon steel 630—725 Mass transfer deposit, 
(1004 hr) 6 mils 


Forced-Convection Loop Tests 


550 (1000 hr) 
550 (4800 hr) 


No major corrosion 
No corrosion observed 


Medium carbon steel 
Medium carbon steel 


2 U-0.2 Mg-Cd 
0.85 U-2 Mg-Cd 











*Concentrations are expressed as weight per cent. 
+Concentrations of zinc varied between 2 and 8 wt.%. 
tConcentrations of magnesium varied between 2 and 50 wt.%. 


Table IV-16 CORROSION IN MOLTEN ZINC 
ENVIRONMENTS!” AT 750°C 


Other techniques include dissolution and crys- 
tallization in liquid-metal media. Construction 


(100-Hr Static Tests) materials for these processes are required to 





withstand a variety of molten-metal environ- 








*Concentrations are expressed as weight per cent. 
+Concentration of magnesium was varied between 5 and 


46 wt.%. 


— pracnann ents with an acceptable amount of corrosion 

Molten metal* material observed = ccep ; - 
een A report on the study of corrosion char- 
Zn Tungsten No corrosion acteristics of molten zinc and cadmium sol- 
- Testalem Mild corrosion through vents has been published.®* Various testing 
formation of inter- ‘ ‘ : 100-h tati 

mateiite techniques were used, including -hr static 

Zn Molybdenum Mild corrosion through tests, 1000-hr rotating-capsule tests, thermal- 
dissolution convection loops, and forced-convection loops. 

5-46 Mg-Znt Tantalum No corrosion ul , ; s a5 ; 
ur testi techniques were utilized in 

5-46 Mg-Znt Molybdenum Mild corrosion through A fo pnt: _ q 

dissolution studying molten cadmium systems, whereas the 

Zn Titanium Severe corrosion 100-hr static tests were used exclusively for 
46 Mg-Zn Cobalt alloys = Severe corrosion the zinc environments. The results of these 
sean cinaa eR pe Sarees cevepeten tests are shown in Tables IV-15 and IV-16. In 


general, stainless-steel type 410, mild steel, 
and tantalum resisted most of the cadmium 
melts tested at temperatures of 550°C. Melt 
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additions of a few per cent uranium, 2 to 50 
per cent magnesium, or 2 to 8 per cent zinc 
did not alter the corrosion characteristics to 
any great extent. When cadmium temperatures 
were raised to 700°C, intergranular attack of 
stainless-steel type 410 and mild steel oc- 
curred. The 300-series stainless steels were 
attacked severely at grain boundaries, appar- 
ently by a leaching mechanism of the constituent 
nickel. The results of the 1000-hr rotating- 
capsule tests were similar to those obtained in 
100-hr static tests. Slight attack was observed 
in 10 percent zinc— cadmium solutions at 350°C. 


Two thermal-convection loop tests were made 
with magnesium-cadmium systems at tempera- 
tures ranging from 575 to 725°C. Test times 
on the two loops were 144 and 1004 hr, respec- 
tively. Mass-transfer deposits of ironoccurred 
in the first loop to the extent of 2.5 mils, and 
similar deposits of 6 mils were observed in the 
second loop. In two forced-convection loop tests, 
no major corrosion of medium carbon steel was 
observed in cadmium containing up to 2 per cent 
uranium and magnesium. 


Molten zinc systems have been known to be 
very corrosive to metals. In 100-hr static tests 
at 750°C, nitrided and cyanided steels, cobalt 
alloys, titanium, and tungsten alloys either com- 
pletely disintegrated or were severely corroded. 
Tungsten was the only metal that remained inert. 
Although tantalum showed some resistance to 
attack by molten zinc, it interacted with pure 
zinc to form an intermetallic phase. The thick- 
ness of the interaction varied somewhat from 
specimen to specimen but was generally 1 mil 
or slightly greater. Additions of magnesium to 
the zinc to the extent of 5 to 46 wt.% reduced 
the corrosion of tantalum to the point where 
none was observed. Molybdenum was the only 
other metal which remained intact after expo- 
sure to molten zinc. Metallographic examina- 
tion indicated that slight corrosion had oc- 
curred. This observation was confirmed by the 
presence of molybdenum in the zinc phase to an 
extent of its solubility, 0.02 wt.%. 


Several ceramic materials were tested by 
themselves and as refractory coatings on mild 
steel in both molten zinc and molten 46 wt.% 
magnesium-zinc. With the exception of silicon 
nitride and Vycor, the ceramics were inert to 
both environments. However, when the ceramics 
were used as coatings to protect mild steel, they 
proved to be easily penetrated by molten zinc 


and, in all cases but one, by the magnesium- 
zinc alloy. 

Corrosion testing of tantalum in molten plu- 
tonium for application in the LAMPRE-I reac- 
tor is continuing.’ It has been demonstrated 
that arc-melted tantalum possesses superior 
corrosion resistance, in both the annealed and 
the as-worked conditions, to that of ordinary 
tantalum. Differences in the metallographic 
structure are also apparent in that the arc- 
melted tantalum appears cleaner. The beneficial 
effects of carbon addition have been confirmed, 
but there is now evidence that the temperature 
of exposure must be high enough to convert 
graphite to plutonium carbide in order to pro- 
vide protection to the capsule, unless the car- 
bide is added instead of graphite. The presence 
of calcium or magnesium in the fuel has been 
shown to affect the corrosion resistance of tan- 
talum adversely, even in the presence of car- 
bon. Both aluminum and, in particular, silicon 
have proved to be beneficial in this respect. 
Further tests are under way to verify these in- 
dications. Tests are now in progress on ahigh- 
purity tantalum alloy with 0.1 wt.% tungsten. 
The tungsten is added because of its nearly 
complete immunity to the cast iron—plutonium 
fuel alloy. 


Homogeneous Reactor 
Fuel Processing 


The reactor concept in which fissionable ma- 
terial is dispersed or dissolved homogeneously 
in a fluid has several advantages to recommend 
it. One of these is that a side stream of the fuel 
can be removed either continuously or on a 
batch basis for the purpose of processing for 
removal of fission-product poisons. The aque- 
ous Homogeneous Reactor Test (HRT) at Oak 
Ridge is one such reactor, and achemical proc- 
essing plant has been constructed as anintegral 
part of the installation. 

Micron-sized solids continuously form during 
the course of operation of the HRT. These 
solids are either insoluble activated corrosion 
products or fissionproducts. The original proc- 
essing plant provided several hydroclones to 
effect separation of this solid constituent. Since 
the efficiency of the original installation was 
lower than expected, one of the hydroclones was 
replaced by a multiple hydroclone unit containing 
13 0.6-in. hydroclones in parallel, which in turn 
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fed the original second hydroclone in series. 
This installation, which was operated for atotal 
of 4500 hr, was also removed. Pressure-drop 
and mixing-rate tests performed after removal 
indicated that one to three hydroclone feed ports 
were partially plugged. An accumulation of 
solids at these locations was also indicated by 
radiation survey. The replacement multiple hy- 
droclone will consist of 18 0.4-in. hydroclones 
in parallel. Rather extensive tests are being 
performed on both the new and the old multiple 
hydroclones. 

An experimental device for measuring the 
quantity of solids accumulated in the replace- 
ment hydroclone underflow pot was built and will 
be tested in the next run. The principle of the 
detector is based on the difference in specific 
gamma activity of solids that have accumulated 
in the underflow receiver and the reactor fuel. 
With the reactor operating at 5 Mw and the 
multiclone collecting solids at a rate of 1 to 2 
g/hr, the gamma field at the center of a settled 
bed of 500 g of solids has been estimated to be 
2x 10° r/hr. The gamma field at the center of 
the pot due to fuel solution only will be 20 to 30 
per cent of this value. Gamma heating, and 
therefore temperature, will be a function of the 
gamma flux, thus making it possible to estimate 
the depth of the settled bed of solids.” 

The multiple hydrocione assembly is designed 
to remove only solid particles from the fuel. 
Occasionally the entire fuel batch must be proc- 
essed to remove the accumulated soluble con- 
taminants, principally corrosion-product nickel. 
Studies being made in the laboratory for spe- 
cific removal of corrosion-product nickel have 
been reported previously. In the past the soluble 
poisons have been extracted from the reactor 
fuel by processing the entire fuel batch by sol- 
vent extraction. Other alternates are being ex- 
amined. One such alternate is a process based 
on (1) precipitation of uranyl peroxide; (2) sepa- 
ration of the filtrate containing the contami- 
nants; and (3) regeneration of the fuel by de- 
stroying the peroxide, followed by addition of 
acid and copper in the required amounts. It is 
felt that the equipment for this process could 
be installed in existing cells and operated in a 
heavy-water system. The following process re- 
quirements apply: 

1. Uranium recovery to be in excess of 90 
per cent. 

2. Decontamination factor for soluble impuri- 
ties to be >10. 


3. A filtration rate capacity to exceed 20 
liters/(hr)(sq ft). 


Present studies are being made with asynthetic 
solution having a uranium concentration of 150 
g/liter. Scouting tests have shown that there is 
no particular advantage in the use of more dilute 
solutions, and the entire 8-kg reactor charge 
may be processed in one batch in a 6-in.- 
diameter critically safe vessel atthe original 
uranium concentration. 

A study of the adsorption characteristics of 
xenon and krypton on AGOT-grade graphite has 
been completed and a report published.'® Ad- 
sorption isotherms of xenon-helium mixtures 
were determined at —79, 0, 20, 30, and 80°C, in 
order to determine whether the presence of 
helium affects the adsorption behavior of xenon. 
The isotherms obtained from xenon-helium mix- 
tures were essentially the same as those ob- 
tained using pure xenon gas. The temperature 
dependence of the adsorption behavior shows a 
heat of adsorption for xenon of about 3500 cal/ 
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Fig. IV-18 Xenon adsorption on AGOT graphite.’ 
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mole, which is close to the published heat of 
condensation. This is an indication that the ad- 
sorption is physical. Typical adsorption iso- 
bars’” obtained together with extrapolations up 
to 750°C are shown in Fig. IV-18. 
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Section 
V 





Radioactive Waste Handling in the 
Nuclear Power Industry 


The Edison Electric Institute has published a 
report! on radioactive-waste handling from the 
viewpoint of the nuclear power industry. The 
report is divided into three sections. Section I 
contains a brief introduction andthe conclusions 
of the report. Section II presents background in- 
formation related to the over-all radioactive- 
waste-handling problem. Section III describes 
how wastes will be handled at the first six large 
U. S. nuclear power stations, Shippingport, 
Rowe, Indian Point, Dresden, Enrico Fermi, 
and Hallam. The appendixes supply supplemen- 
tary information in specific areas. Some perti- 
nent conclusions from this report are sum- 
marized as follows: 


1. The production of radioactive wastes need 
not impede the development of large-scale and 
widespread nuclear power generation, provided 
that waste handling receives intelligent and con- 
tinuing attention and that radiation protection 
standards remain substantially at currently rec- 
ommended levels. 

2. Technically feasible methods have been 
developed or conceived for safely handling all 
wastes that are likely to be generated by nuclear 
power reactors and associated fuel processes for 
at least several decades. Radioactive wastes at 
nuclear reactor sites can be effectively handled 
by straightforward processes familiar in the 
electric power, chemical, or nuclear industries. 

3. The intensely radioactive wastes from 
spent-fuel-recovery plants will contain all buta 
very small fraction of radioactive material pro- 
duced in reactors. These wastes will have to be 
contained for as long as several hundred years, 
and some very long-lived constituents will re- 
quire special handling even after this time. 
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Present containment methods appear to be feasi- 
ble and economically acceptable for an interim 
period of 20 years or more. However, eventu- 
ally, more effective and economical methods 
will be required. Research and development 
toward this objective are under way. 

4. Although the costs of properly handling 
radioactive wastes can be a small fraction (1 to 
5 per cent) of the total nuclear power costs, the 
consequences of mishandling them can involve 
important public health, industrial, and other 
problems, and, in a broader sense, could deter 
general acceptance of nuclear power generation. 


Operating Experience 


Seepage Pits 


At ORNL, seepage pits’ are used for the dispo- 
sal of intermediate-level-activity liquid wastes. 
The use of two waste pits’ (2 and3) for the dispo- 
sal of intermediate-level liquid wastes has been 
limited. Another waste pit (4) has been taken out 
of service, filled, and covered, and routine long- 
range monitoring procedures have been initiated. 
A newly designed covered pit (5) was constructed 
and placed in operation during June 1960. 

From June 1952 through December 1959, 1.53 x 
10' gal of waste, containing about 432,000 curies 
of beta activity, was pumpedto the pits (2, 3, and 
4). The quantity of specific radionuclides re- 
leased is summarized in Table V-1. As shown, 
there was a Significant increase in the quantity 
released during 1959. Of special note is the ap- 
proximately 20,000 curies of Ru’, 197,000 
curies of Ru’, and 25,000 curies of Sr*’. The 
increase was attributed to the experimental 
processing of short-cooled reactor fuel in the 
Hot Pilot Plant. 

As a result of the increased release to the pits, 
the amount of Ru! which seeped to the bed of 
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Table V-1 INVENTORY OF ORNL WASTE-PIT SYSTEM® 


Curies 

Total Total 
Volume, rare for the Gross 
Period gal x 10° Ru'* Rul csi#* csi zre Nb* sr® sr” earthst year betat 
June 1952 432§ 5,000 11,000 11,600 
to 1955 2,433 4,400 28,000 25,700 
1956 2,779 5,500 18,500 730 1,830 5,400 31,960 33,500 
1957 2,902 4,500 10,500 110 420 4,000 19,530 41,800 
1958 3,156 2,800 17,000 500 9,800 9,000 39,100 45,400 
1959 3,590 19,500 197,400 14,800 65,500 9200 12,600 3300 24,700 52,900 399,900 273,900 
Total 15,292 19,500 219,600 14,800 150,500 9200 12,600 4640 36,750 71,300 490,490 431,900 


* Accounted for after Aug. 20, 1959. 

+ Exclusive of Y*°. 

t Based on a counting efficiency of 12.6 per cent employed by the ORNL Operations Division. 
§ Evaporator concentrate released to pit 2. 


White Oak Lake in 1959 was estimatedto be 1300 Table V-2 SOLID-WASTE BURIALS’ FOR 1957 AND 1958 
curies. This is to be compared with the esti- (Burial Ground 4) 
mated 160 curies of Ru'®® released in1958. The 
concentration of Ru! in several batches of waste 1957 1958 
pumped to the pits in September 1959 was about Volume, Volume, 
90 pc/ml, or 3.6 times greater than the calcu- Agency oa ® cu ft % 
lated upper limit of discharge over extended ORNL 142,300 55.9 158,000 47.0 
periods of time without exceeding the MPCy, Y-12 9,500 3.7 14,800 4.4 
(continuous nonoccupational exposure) to the U. T. Agricultural 4,100 1.6 4,200 1.3 
Clinch River. Subsequent discharge of Ru’ to Eupertmnent Station 
th it h " tailed ORINS 1,300 0.5 1,300 0.4 
€ pits was Sharply curtailed. Oak Ridge Process- 5,700 2.2 16,100 4.8 
About a third of the ruthenium discharged to ing Co. 
; ; ; Knoxville Iron Co. 4,300 1.7 10,700 3.2 
the bed of White Oak Lake in 1959 moved into the a a, a ; 
-2 ® .o 
Clinch River. Although the contribution of ruthe- Off-Site shippers: 
nium to the river increased, the amount of stron- KAPL 25,400 10.0 52,100 15.5 
tium entering the river from all ORNL operations ANL 28,900 11.4 33,600 10.0 
decreased, and, conse tly, the total dischar _ gies np oy ~ 
° ’ ° qeomsy, a8 . ge Mound Laboratory 13,800 5.4 10,800 3.2 
consumed only 26 per cent of MPC y for the Radiological 3,800 1.5 4,400 1.3 
Clinch River during 1959. Service Co. 
BMI 4,200 1.2 
Others 4,800 1.9 7,300 2.2 


Land Burial , 
Total 254,700 100.0 336,500 100.¢ 


The ORNL burial ground 4, opened in Febru- 
ary 1951, was closed to routine burial operations® 
in July 1959. The site encompasses an area of 23 
acres. The burial rate duringits 8.5 years of op- Low -Level-Activity Liquid 
eration was slightly over 2.5 acres/year. The 
exact amount of waste in burial ground 4 is not 
known. However, the volume buried in 1957 and 


Waste Handling 


1958 was ~25,000 and337,000 cu ft, respectively. The ion-exchange treatment of large volumes 
During these years, ORNL produced about 50 per of low-level-radioactivity process- water wastes 
cent of the waste, and other Oak Ridge installa- is being studiedona laboratory scale at ORNL.*® 
tions and off-site establishments contributed the The process consists in adjusting the waste to 
remainder. A summary of the solid waste dis- about pH 12 (making it about 0.01M in NaOH), 
posed of in burial ground 4 in 1957 and 1958 is clarifying it to remove solids, and passing it 


given in Table V-2. through a bed of phenolic cation-exchange resin. 
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A mineral ion-exchange material, clinoptil- 
olite, was tested to compare its breakthrough 
capacity with phenolic-sulfonic and phenolic- 
carboxylic type resins for processing this type 
of waste. It was tested using a feed containing 
added cesium and strontium and made 0.01M in 
NaOH (pH ~12). Gross activity (1 per cent level) 
broke through at ~900 bed volumes of waste 
treated, compared with 1500 to 2000 volumes 
for phenolic-sulfonic and phenolic-carboxylic 
resins. Duolite C-65, a phenolic-phosphoric 
resin, had a breakthrough capacity of about 1000 
bed volumes for removing Cs‘*", about the same 
as for the phenolic-only resin. 

Coagulant aids were studied to determine their 
effect on the removal of suspended solids from 
the effluent of the ORNL low-level-radioactivity 
liquid waste plant,*.® since approximately 50 per 
cent of the outgoing activity is associated with 
suspended solids in the effluent. This plantuses 
a lime-soda treatment process and handles about 
200 to 300 million gallons of process waste water 
per year, containing 200 to 500 curies of radio- 
activity. Results of the test with selected coagu- 
lant aids were inconclusive. The concentration 
of the feed solutions and the mode and the point 
of addition of the coagulants were found to affect 
coagulation. The coagulant aids did not work well 
when tested with systems containing complexing 
agents, such as Versene and polyphosphates. 

The application of electrode ionization to the 
decontamination of low-level-activity aqueous 
wastes is examined in two reports.'»® A United 
Kingdom report describes experiments using an 
influent stream containing sodium salts in the 
range of 10~°N to 10~°N, with triple- and multi- 
compartmented cells, the desalting compart- 
ments being packed with mixed-bed ion ex- 
changers. In these experiments the amount of 
salt in the desalted stream was reduced to Yooo9 
of the amount in the influent stream, and in the 
concentrated effluent it was increased up to 100 
times the influent. To give the maximum degree 
of radioactive decontamination obtainable with 
electrode ionization, a pretreatment step to re- 
move large amounts of calcium, iron, suspended 
material, and colloids from the waste solutionis 
considered necessary. In studies at the Japan 
Atomic Energy Research Institute, an electro- 
dialyzer unit, used for demineralizing brine 
water, was used for the treatment of radioactive 
wastes. From the experiments, it was concluded 
that the transfer rate of either nonradioactive or 
radioactive ions through ion-exchange mem- 


branes was nearly equal. In a two-stage treat- 
ment, the concentration of the effluent from the 
electrodialyzer was increased to 100 times the 
initial feed, and the concentration of the demin- 
eralized effluent was decreased to ';, of the 
initial feed. The current efficiency of this elec- 
trodialyzer unit was over 70 per cent. 

The removal of several radioactive species 
(Mn®, Cu®, As", and La‘*°) from reactor efflu- 
ent water by passage through a bed of aluminum 
turnings’ has been demonstrated in the labora- 
tory at Hanford. This phenomenon is believedto 
be due to the formation of a surface corrosion 
film on the aluminum turnings upon exposure to 
the reactor effluent water. 

An analysis of the methods employed by ORNL 
for the disposal of liquid wastes containing beta- 
gamma emitters has been made.'® The treatment 
and methods of monitoring and control are dis- 
cussed in the report. 

Centrifugation" has been studied at Harwell 
for the handling of radioactive sludges or flocs 
from the chemical treatment of medium-level- 
activity wastes (10~‘ to 10-? yc/ml). Its poten- 
tial application to the present methods of sludge 
treatment at Harwell is explored. 


Reduction to Solids 


A number of calcination methods for the 
treatment of high-level-activity liquid wastes 
are under investigation, including fluidized beds, 
heated pots, radiant-heated spray towers, and 
rotary kilns. The use of clays or minerals for 
the adsorption of cesium and strontium activity 
and as a matrix material is also being studied. 
Developments on these methods are reviewed 
below. 


Calcination 


At Hanford, fluid-bed calciner studies were 
continued, operating with simulated acid Purex 
wastes at feed rates of 12 to 15 liters/hr and 
using an extended-tip feednozzle.’* The signifi- 
cant results of these tests were as follows: 

1. Lowering the feed-nozzle position from 1 
to 2 in. to 5 in. below the stagnant bed height 
had the principal effects of increasing the tapped 
powder bulk density, of requiring about a 10 
per cent increase in the fluidizing air flow for 
operable bed agitation and about a 30 per cent 
increase in the volume flow ratios of atomizing 
air to feedso as toprevent lumping at the nozzle, 
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and of doubling (to about 8 per cent) the amount 
of fines in the calciner off-gas stream. 

2. Calcine was successfully removed from the 
bottom of the calciner bed rather than from the 
overflow line. This has the advantage of mini- 
mizing buildup of large particles in the calciner 
because the powder is removed from a location 
where the larger particles tend to accumulate. 

3. Limited success was obtained by locating 
the feed nozzle at the bottom of the calciner and 
orienting it vertically upward. This was done to 
determine the feasibility of using the atomizing 
gas stream for atomizing the liquid feed and 
fluidizing the bed. 

4. The over-all solids deentrainment factor 
from the calciner through the roughing cyclone, 
the condenser, and scrubber is indicated to be 
>10,000. 


The Hanford 8-in. by 10-ft radiant-heat spray 
calciner'® was Operated using a caustic- 
neutralized Purex type waste.’ The effects of 
varying feed rate, sugar addition tothe feed, and 
oxygen addition on the characteristics of the 
calcine from this type of feed material are sum- 
marized in Table V-3. 


per cent. This is probably the result of a mass 
action effect wherein the sugar must get its oxy- 
gen from the nitrate and sulfate rather than from 
the surrounding gases. Sugar, or some other 
form of carbon, is required to calcine caustic- 
neutralized wastes to a dry nonhydroscopic pow- 
der because of the high sodium nitrate content of 
this waste. The low weight loss inthe case of no 
oxygen addition (compared witha lower feed rate 
run with oxygen) shows that the residence time 
is not limiting the degree of calcination asis the 
chemistry. 

In the unagitated batch process” being investi- 
gated at Hanford, the waste solution is added to 
a heated stainless-steel pot at a rate sufficient 
to maintain some solution, and the contents are 
subsequently fired to 850 to 950°C. Feeds with 
relatively high sulfate- and sodium-ion concen- 
trations vield low-melting (800 to 900°C) cal- 
cines. The formation of a melt at about 800°C 
requires a mole ratio of sulfate to salt nitrate 
of greater than 1 and a sodium molarity greater 
than about 1.2 times the iron-plus-aluminum 
molarity. The relative concentrations of iron 
and aluminum do not affect melt formation. 


Table V-3 RADIANT-HEAT SPRAY CALCINER RUNS WITH CAUSTIC- 


Run conditions 








NEUTRALIZED PUREX TYPE WASTE SOLUTIONS” 


Resulting calcine powder characteristics 


. Amount of 
Oxygen rate, Sugar conc., Feed rate, Carbon content, Weight loss,* sulfate, Fraction on 

liters/min g/liter ml/min ppm % % walls 
10 200 38 41.0 0.53 

10 200 93 1790 5.6 40.8 0.40 

10 200 134 2790 6.7 37.1 0.40 

10 250 140 2230 6.5 35.5 0.60 

14 250 128 5.6 38.2 0.64 

0 200 125 2200 2.3 29.3 0.25 


* Weight loss upon heating the powder between 300 and 900°C is used as an indication of the degree of calcination 


achieved. 


As shown in Table V-3, the degree of calci- 
nation (determined by weight loss) decreases as 
the feed rate increases. This is the reverse of 
the feed-rate effect observed with acidic Purex 
waste. Because the weight loss follows the car- 
bon content, the weight loss upon heating the 
neutralized waste powder may be attributed in 
part to the residual carbon content that is burned 
off. 

When no oxygen was introduced in the spray 
calciner, the weight loss was reduced to 2.3 per 
cent, and the sulfate content was reduced to 29 


The following results are reported'’'*’" for 
studies with simulated Purex type waste per- 
formed in the laboratory (3-in.-diameter by 7- 
in.-high pots) and in the recently completed pilot 
plant (8'/,-in.-diameter by 48-in.-high pots): 

1. A melt was formed when solid sodium sul- 
fate was mixed with granular fluidized-bed cal- 
ciner product. The melt’s thermal conductivity 
was 2.5 Btu/(hr)(sq ft)(°F/ft), which was a 20- 
fold improvement over that of the raw fluid-bed 
product. The final volume was 158 per cent of 
that of the fluidized-bed product. 
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2. A hygroscopic solid was formed when a 
simulated Purex high-activity-level waste neu- 
tralized to 0.8M excess caustic was calcined. 

3. A viscous melt was formed at 850°C witha 
Purex acid waste containing high sulfate and 
phosphate concentrations. 


4. A waste solution simulating one from the 
interim storage tanks that contain neutralized 
Purex 1WW waste and solvent washes was pot 
calcined. At about 850°C the solids partially 
melted and foamed over. The foaming was 
attributed either to carbonate decomposition or 
to the release of gases from the reaction be- 
tween the melt and the stainless-steel pot inter- 
nals. 

5. Calcining of neutralized wastes acidified 
with sulfuric acid produced a melt at 900 C with 
a bulk density of 1.8 g/cm’, In contrast to the 
run noted under item 4, made with an alkaline 
waste, there was no foaming of the melt or ap- 
parent pot corrosion. 

6. Pilot-plant studies corroborated the pa- 
rameters on melt formation which were estab- 
lished during laboratory studies. 


To improve the thermal conductivity of granu- 
lar calcine, its incorporation in a metal ma- 
trix’ is being examined at Hanford. Alumi- 
num, zinc, cadmium, zinc-tin, and cadmium-tin 
were found to be unsatisfactory because oftheir 
reactions with the sinter product. Where the 
powder voids of the calcined material were filled 
with tin, the thermal conductivity of the compos- 
ite was increased to 8 Btu/(hr)(sq ft)(° F/ft) at 
105°F. [Compression of fluidized-bed calcine 
from Purex type wastes from 1.3 to 1.7 g/cm® 
improved the thermal conductivity from 0.08 to 
0.2 Btu/(hr)(sq ft)(° F/ft).] 

Studies on the use of pot calcination" for the 
conversion of Purex type wastes to solids are 
being continued’ at ORNL. A synthetic Purex 
waste containing additional sodium and magne- 
sium ions to decrease sulfate volatility was con- 
tinuously evaporated and calcined to 900°C ina 
4-in.-diameter by 18-in.-long stainless-steel 
pot calciner. Nitric oxide gas was added, as 
required, to prevent pressure buildup in the 
constant-volume system. A volume reduction of 
almost 10 was achieved. The residue had a bulk 
density of 1.9 (about 40 per cent porosity). The 
condensate contained 95 per cent of the tota! 
nitrate fed to the system, 47 per cent of the 
ruthenium, and 0.5 per cent of the sulfate. The 
consumption of nitric oxide was about 0.4 mole 


per liter of waste or 0.06 mole of nitrate in the 
feed. 

In one batch experiment, equal volumes of a 
synthetic Purex waste and calciner condensate 
acid were combined and evaporated by a factor 
of 2 in the presence ofnitric oxide. The conden- 
sate was decontaminated from ruthenium by a 
factor of about 10‘, indicating that this proposed 
recycle scheme would be satisfactory. In another 
batch experiment, one volume each of Purex 
waste and calciner condensate acid was diluted 
with six volumes of water and evaporated by a 
factor of 8 in the absence of nitric oxide. The 
evaporator condensate contained about 1 per cent 
of the feed ruthenium, indicating that more dilu- 
tion with water is requiredto make this proposed 
recycle scheme Satisfactory. 














Fig. V-1 Flow sheet diagram of the 12-in. calciner.'" 


A new 12-in.-diameter electrically heated 
fluid-bed calciner unit (See Fig. V-1) is being 
installed in the ICPP pilot plant to replace the 
6-in.-diameter unit.'*.'7 Before the smaller unit 
was dismantled, the following results were ob- 
tained: 

1. The distribution of ruthenium between the 
solids and the off-gases was found to be approxi- 
mately two parts to the solids andone part to the 
scrub liquid when the calciner was operated at 
400°C and the venturi scrubber liquid was re- 
cycled. 

2. No special problems appear to exist in the 
calcination of wastes from the Darex processing 
of stainless-steel-clad fuel. A bulk density of at 
least 98 lb/cu ft and a 35-fold volume reduction 
were achieved. 


The ICPP 6-ft-high, 2-ft-square, fluidized- 
bed calciner has operated satisfactorily (in ex- 
cess of 500 hr) with the NaK manifold rede- 
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signed to eliminate the stressed zones that 
caused failure because of thermal-stress crack- 
ing, 1! Depending on operating conditions, the 
apparent over-all heat-transfer coefficient has 
ranged from 35 to 150 Btu/(hr)(sq ft)(°F), the 
higher coefficients being associated with small- 
bed particle size and high product bulk density. 

Excellent fluidization has also been obtained 
with a calciner-bed air-distributor plate de- 
signed with *4-in.-diameter holes ona 4.5-sq in. 
pattern. Each hole is covered by a 2-in.- 
diameter disk supported on *¥,-in.-long tripods 
to prevent the bed from falling through the plate 
when fluidizing air is cut off. 

The effect of temperature on the volatility of 
strontium was studied to determine losses in 
bulk storage. Strontium may be considered es- 
sentially nonvolatile since analyses showed 
<0.001 per cent, the detection limit, volatilizedat 
temperatures up to 1100°C (2012°F). 

A 2-in. pulsed-plate liquid-solids contactor"® 
is being tested at ICPP for the leaching of fis- 
sion products from calcined aluminum oxide 
solids. Extrapolated data‘®.'’ on dilute nitric 
acid leaching of cesium from alumina calcined 
at 400°C indicate that 99.99 per cent of the ce- 
sium can be leached in a continuous contactor. 
Preliminary data indicate that cesium leaching 
from alumina calcined at 650°C is more diffi- 
cult than that from alumina calcined at 400°C. 
This suggests that a postleaching high- 
temperature drying step might permit direct 
ground disposal of calcined wastes. 

Two electrostatic precipitators,'® 1.76 and 4 
in. in diameter, were tested at approximately 
10- and 25-kv potentials, respectively, for the 
removal of alumina particulate'’ from a gas 
stream. Efficiencies of 99 per cent were found 
for particles down to 0.6 » in diameter and ap- 
proximately 91 per cent for smaller particles 
when gas loadings rangedin the vicinity of 0.0003 


g/cu ft. 
Laboratory studies at IC PP have demonstrated 


the technical feasibility of using mercury cathode 
electrolysis'® to effect an appreciable separation 
of iron, nickel, and chromium from the fission 
products in wastes resulting from the chemical 
processing of reactor fuels clad or alloyed with 
stainless steel. The removal of alloy metal 
ions from solution by mercury cathode electrol- 
ysis permits the alloy constituents and the fis- 
sion products to be treated as separate wastes. 
The alloy constituents may be converted to a 
solid and storedin low-integrity containers with- 


out danger of self-heating from fission-product 
decay. The fission-product waste can be reduced 
to a very small volume for storage or for re- 
covery of valuable fission products, or it canbe 
converted to a solid for permanent disposal. 


Adsorption on Natural Materials 


At Hanford the mineral clinoptilolite? con- 
tinued to be studied in the laboratory and the 
Micro Pilot Plant for the decontamination of 
various types of Purex wastes. Inthe laboratory 
experiments” the 180-cm-long clinoptilolite 
column was operated at flow rates equivalent to 
50 gal/(sq ft)(hr). The column capacity deter- 
mined from the 50 per cent breakthrough point 
for cesium was about 600 column volumes of 
diluted waste, representing 30 column volumes 
of actual waste. For a synthetic Purex neu- 
tralized waste supernatant solution containing a 
small amount of actual waste and then diluted 
1:20 with water, a cesium decontamination fac- 
tor of >10' was obtained for 420 column volumes 
of diluted waste. Breakthrough of Sr®’ did not 
occur until well after the Cs'’ breakthrough. 
This result is attributed to a reaction between 
calcite impurity in the mineral and phosphate in 
the waste. A decontamination factor of at least 
10° was indicated for rare-earth nuclides, with 
no breakthrough occurring during the experi- 
ment. Alpha emitters were removed to levels 
below detection. 

With a supernatant solution prepared from 
synthetic Purex 1WW waste, “acid-killed” and 
neutralized, a cesium capacity of 740 bed vol- 
umes of diluted waste (37 bed volumes of un- 
diluted solution) was obtained." This improve- 
ment over that obtained above is ascribed tothe 
lower sodium content in the neutralized acid- 
killed waste. A similar experiment, using influ- 
ent traced with Sr*®, gave a column capacity of 
620 bed volumes (31 bed volumes of undiluted 
solution). A decontamination factor of 10' was 
obtained during the first 380 bed volumes (19 
bed volumes of undiluted solution). 


Trace quantities (0.0012M) of phosphate ion 
found in aluminum decladding waste are believed 
to be responsible for the unexpectedly high 
strontium removal when this type waste is passed 
through a clinoptilolite column.” The reaction 
of the phosphate with calcite or gypsum impuri- 
ties in the zeolite could remove strontium from 
solution independently of ion exchange on the 
clinoptilolite. To test this, a simulated alumi- 
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num decladding waste, traced with Sr*® and con- 
taining 0.01M phosphate, was passed through a 
mixed bed of calcite and gypsum. A decontami- 
nation factor >200 was attained with this system, 
which may be compared with a factor of 2 at- 
tained in a similar experiment to which no phos- 
phate was added. 

In the Micro Pilot Plant experiments, 
various inorganic ion-exchange materials were 
tested (see Fig. V-2) for their effectiveness in 
removing cesium and strontium from condensate 
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type wastes on mineral clay columns. Experi- 
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resulting from the self-boiling of wastes in 
Purex storage tanks. Runs were made in 1-in.- 
diameter columns with bed heights varying from 
32 to 38 in., generally at ambient temperatures 
of 25°C. The feed solutions were pretreated for 
the removal of emulsified and soluble organic 
impurities (TBP) by passage through activated 
carbon. The activated carbon does not appreci- 
ably remove any of the isotopes studied, but it 
has improved the efficiency of clinoptilolite for 
the removal of cesium. Clinoptilolite (treatedto 
remove clay from the crude), Decalso (a syn- 
thetic gel type zeolite), and Linde 4A Molecular 
Sieves (a synthetic crystalline type zeolite), even 


Schematic diagram of Hanford Micro Pilot Plant. 


ments uSing citric acid to chelate corrosion 
products (0.005M iron, 0.0009M chromium, and 
0.0008M nickel) from a Purex type waste have 
shown that decontamination factors for strontium 
of the order of 10° can readily be achieved. It 
has been shown, however, that further decon- 
tamination of the effluent with respect to stron- 
tium can be obtained by means of isotopic dilu- 
tion?’ of the very small amounts of strontium in 
the effluent (which presumably has been chelated 
since it has passed through the column) and not 
increase the total strontium to anything more 
than a very low concentration. An experiment 
was conducted with a Purex type waste contain- 
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ing the corrosion products, synthetic fission 
products (2.3 x 10~‘M strontium) spiked to about 
10’ dis/(min)(ml), and citric acid. Three sepa- 
rate runs were made using 1-ft columns of 
clinoptilolite, and the concentration of citrate 
was, respectively, 0.065M, 0.007M, and 0.0825 M. 
The temperature in each test was maintained at 
65°C. In each case a decontamination factor of 
>10° was obtained. Each of the effluent solutions 
was then isotopically diluted so that the stron- 
tium concentration was raised to the original 
2.3 x 10M level, and Sr*’ was addedto give 5 x 
10‘ dis/(min)(ml). The solutions were allowed to 
sit at 40°C for about a week so that the freshly 
added strontium could equilibrate with the small 
amounts of chelated strontium. The solutions 
were then passed through 1-ft columns of clinop- 
tilolite, and decontaminations >5 x 10° were 
achieved in the second ion-exchange step. Total 
decontamination for each of the three solutions 
ranged from 1.6 to 5.0 x 10°. 


A major problem in an ion-exchange process 
using influent solutions containing corrosion 
products is precipitation within the column due 
to a rise in pH to levels >5.0. One means of 
overcoming this difficulty without chelation is 
to use the hydrogen form of the exchanger, and 
thus maintain the pH at lower values. Ion ex- 
change under these conditions, however, appears 
to be relatively ineffective for most of the ions, 
but strontium is adsorbed to a considerable de- 
gree." A 1-ft column of clinoptilolite passing 4 
liters of a Purex type waste containing corrosion 
products and added Sr® gave a decontamination 
factor of 2.0 x 10°. The pH of the feed solution 
was 4.5, and the temperature was maintained at 
65°C. In order to investigate the possibility of 
further decontamination in such a system, the 
effluent (pH = 3.0) with Sr®’ increased to 10‘ dis/ 
(min)(ml) was passed through a second 1-ft col- 
umn. An additional decontamination factor of 
3.2 x 10° was obtained for a total decontamina- 
tion factor of 6.4 x 10°. 

Clinoptilolite is also being studied at BNL as 
a matrix material”’ for the preparation of glasses 
for liquid waste disposal.' A number of phos- 
phate glasses have been made with various con- 
centrations of representative waste products. 
Leaching studies are under way. 

Harwell has also reported the composition of 
glasses’! which can be used for incorporating 
highly active liquid wastes and which appear to 
be suitable for long-term storage. 


Final Disposal Methods 


Ground Disposal 


Soil chemistry research," being conducted at 
Hanford to support the program of ground dis- 
posal of low- and intermediate-level-activity 
liquid wastes, is reviewedin recent reports.”*~*4 
The accumulation and retention of fission prod- 
ucts by soil is a result of ion exchange, pre- 
cipitation, and mineral replacement reactions 
that occur between the soil constituents and the 
ions in solution. Good agreement has been found 
between laboratory and field studies. Theorder 
found for the movement of radionuclides through 
Hanford soil is ruthenium > cesium> strontium > 
rare earths > plutonium. 

Although the seepage pits at ORNL do an ef- 
fective job in decontaminating the intermediate- 
level waste stream before it reaches the sur- 
face waterways of White Oak Creek and the 
Clinch River, the use of a soil- or mineral- 
filled column*-*5 appears to be very attractive 
Since it would eliminate many of the objections 
to the present seepage-pit system. The quality 
of the effluent could be accurately monitored 
and controlled, and the exact definition of the 
boundaries of the sorbed nuclides would be es- 
tablished. 

The sorptive behavior of various clays, clay 
minerals, and other minerals for the removal of 
cesium and strontium was studied. Vermicu- 
lites with added phosphate ion were found to be 
satisfactory for removal of cesium and stron- 
tium. Clinoptilolite and Florida pebble phos- 
phate also appear to be promising for column 
application. The sorptive capacity of minerals 
was found to vary with mineral structure, ion- 
exchange capacity, PH of waste solution, satu- 
rating cation, heat-treatment of sorbent, and 
column operating conditions. 


Disposal into Salt Formations 


The storage of liquid and solid wastes in 
natural salt deposits continues to be studied ex- 
perimentally in the laboratory and in the field 
by ORNL.* Cooperating in these studies with 
ORNL are the Geotechnical Corporation, Dallas, 
Tex., the Department of Sanitary Engineering of 
the University of Texas, the Applied Physics 
Laboratory of the U. S. Bureauof Mines, and the 
Carey Salt Company, Hutchinson, Kans. The field 
experiments are being carried out in an unused 
section of the Carey Salt Company mine. 
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Theoretical heat-transfer studies?®*’ indicate 


that the temperature of radioactive wastes stored 
in salt cavities can be kept within acceptable 
limits by controlling the age of the wastes and 
the size of the cavity. Interpolation of theoreti- 
cal thermal calculations for one- and six-year- 
cooled wastes indicated that two-year-cooled 
wastes could be stored in a 10-ft-diameter 
sphere without boiling. This has been confirmed 
by the field experiments, one utilizing simulated 
7M acid Purex waste and the other utilizing neu- 
tralized Purex waste. The heat-production rate 
being used in these field experiments is equiva- 
lent to that of two-year-cooled wastes from fuel 
irradiated 10,000 Mwd per metric ton of ura- 
nium at a specific power of 33 Mw/tonand yield- 
ing 800 gal of waste per ton. 

Gas production by radiolysis, rather than by 
chemical interaction with the salt in the storage 
cavity, is believed to be a more serious prob- 
lem with the Purex type wastes contemplated. 


Disposal by Hydraulic Fracturing into Shale 


Tests are under way at ORNL’ to determine 
the feasibility of injecting large volumes of 
radioactive wastes into rock formations by hy- 
draulic fracturing. Present well-drilling and 
test-drilling methods are quite adequate for 
this proposed disposal operation. Preliminary 
tests suggest, however, that simple, cheap, 
clay-cement mixtures can be blended with almost 
any neutralized-liquid waste, including a heavy 
load of suspended solids, in such a way that they 
will set up with sufficient strength in depth to 
immobilize the waste. Also, it appears that heat 
dissipation from a thin grout sheet is unlikely 
to be a problem. Geologically, the sites are not 
hard to find. Shale or shaly sandstone are 
among the most common of sedimentary rocks, 
and, in much of the United States, they are pres- 
ent in flat-lying beds with much simpler and, 
therefore, more favorable structure than in the 
test areas in Oak Ridge. 

A preliminary experiment was designed to 
test the testing method and to give some infor- 
mation on the fracture pattern to be expected at 
relatively shallow depths. A 3.5-in.-OD steel 
casing was cemented into an existing 300-ft- 
deep well and slotted at a depth of 290 ft witha 
sand jet that cut through the casing and out into 
the shale. Water was then pumped down the well 
until the shale fractured at a pressure of 3200 
psi. The fracture was extended by continuing to 
pump a well-head pressure of 600 psig. 


Once it was clear that the well was taking the 
injected water easily, Portland cement and 
diatomaceous earth in equal amounts of volume 
were added to the water, and a small high- 
pressure metering pump injected a solution of 
radioactive cesium into the top of the well cas- 
ing where it mixed with the grout. A total of 
20,000 gal of water, 1370 cu ft of bulk Portland 
cement, and 1370 cu ft of Litepoz (diatomaceous 
earth) were pumped into the well. The total vol- 
ume injected was about 26,000 gal, or 3500 cu ft, 
to which 25 curies of Cs'" and 8 curies of Ce'“4 
were added. 

The grout sheet was foundto extendina nearly 
horizontal sheet from the test hole. The thick- 
ness of the grout sheet is somewhat variable, 
ranging from 0.03 to 0.005 ft in the cores thus 
far recovered, but averaging about 0.02 to0.015 
ft. 

A second fracturing experiment is planned for 
ORNL and is to duplicate in scale anactual dis- 
posal operation, except that water and a radio- 
active tracer (Cs'*") will be used rather than 
actual waste. 


Sea Disposal 


The AEC is conducting a project,”*® which be- 
gan Jan. 12, 1961, off the coast of southern 
California to test the integrity of containers 
used to confine low-level radioactive wastes 
during descent to a depth of 1000 fathoms in 
disposal at sea.'* 

Containers are immersed to 1000 fathoms 
(6000 ft) and photographed before and during 
immersion. The tests are conducted in an area 
of the Santa Cruz Basin, approximately 32 miles 
southwest of Port Hueneme, Calif. This area 
was designated by the AEC as a waste-disposal 
site.”® 

The Advanced Systems Development Division 
of Pneumo-Dynamics Corp. of El Segundo, Calif., 
was awarded a contract by the AEC to conduct 
the sea tests of containers. Photographic engi- 
neering and radiological health services for the 
tests are provided by Edgerton, Germeshausen & 
Grier, Inc., of Santa Barbara, Calif., under sub- 
contract.”° 

The tests are designed to determine the struc- 
tural behavior of the various types of containers 
now uSed for waste disposal in the sea at depths 
of 1000 fathoms (pressures up to approximately 
3000 psi). Types of containers to be tested at 
sea include 55-gal drums with the wastes em- 
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bedded in concrete inside the container, 55-gal 
drums encased in concrete, andconcrete shapes 
of various sizes. Most of these will be actual 
containers used by AEC licensees and con- 
tractors.”® 

In a parallel phase of the tests of sea disposal 
containers, the AEC has contracted with South- 
west Research Institute at San Antonio, Tex., to 
perform laboratory tests ofcontainers.”* Pres- 
sure testing andimpact testing will be performed 
on containers of the types now being usedand on 
experimental containers. Tests also will be per- 
formed on the various pressure-equalizing de- 
vices. The purpose of these laboratory tests is 
to determine the effects of high pressure on dif- 
ferent packaging methods under controlled labo- 
ratory conditions. A total of 54 models of con- 
tainers will be tested by the Institute. 


Separation of Specific Isotopes 


At ORNL a solvent-extraction process™ is 
under development for recovering megacurie 
quantities of fission products from reactor fuel- 
processing wastes. A flow sheet for the recov- 
ery of strontium and rare earths has been pro- 
posed and is being tested.° 


The flow sheet, which uses D2EHPA for the 
solvent, was tested with nonradioactive solutions 
in miniature mixer-settler equipment. Physical 
operability was excellent, with no emulsions or 
precipitates throughout the runs covering the 
first, second, and third cycles. Inthe first cycle 
an iron separation factor of 4.4 x 10° was ob- 
tained. In the second cycle, which includes the 
rare earth—strontium partitioning andthe rare- 
earth stripping steps, 98.2 per cent of the rare 
earths was recovered as product, with 1.8 per 
cent of the rare earths being lost to the used 
organic stream. Separation factors were rare 
earth/sodium, 9 x 10°, and rare earth/iron, 130. 
Strontium in the rare-earth product was below 
the level of analytical detection. In the third 
cycle, essentially 100 per cent recovery of the 
strontium may be assumed since strontium 
losses in the raffinate and used solvent were 
below the detection limit. From iron analyses, 
0.8 per cent of the iron in the third-cycle feed 
was present in the strontium product; the 
strontium/iron separation factor was 108. 

Hanford is continuing its investigations into 
methods for recovering Sr®, Tc*®, Ce'*, and 
Pm“*' from Purex wastes. 13-18-29 


For the recovery of Sr, a lead carrier-— 
oxalate metathesis flow sheet has been developed 
(solvent-extraction processes are also being 
studied). °-* The crude strontium product will 
be subsequently further purified at the ORNL 
Multicurie Fission-Product Pilot Plant, the 
HAPO High-Level Radiochemistry Facility, or 
the HAPO Hot Semiworks. Two primary Sepa- 
ration processes have been found to be practical, 
and there is little to choose between them. The 
first scheme uses a high sulfate concentration 
to precipitate strontium with the cerium—rare 
earth double sulfates (tartrate complexing being 
used to prevent ferric sulfate precipitation and 
to improve decontamination from zirconium- 
niobium), whereas the other method uses lead 
sulfate carrier.*? The strontium is next sepa- 
rated from the rare earths by digestion at 90°C 
with oxalic acid at pH 0.6 to 1.0. The rare 
earths and lead are precipitated by this treat- 
ment while strontium stays in solution. The 
strontium is then precipitated (as oxalate) by 
raising the pH of the supernatant to 9 to 10 and 
digesting at low temperature (<50°C). 

To test the flow sheet, two liter-scale hot- 
cell runs have been made using full-level- 
scale Purex 1WW waste.** The runs were suc- 
cessful in demonstrating the operability of the 
process with full-level waste and dispelled con- 
cern that radiolytic decomposition of reagents 
would be excessive. Decontamination factors 
from zirconium-niobium, ruthenium, andcerium 
were in very good agreement with laboratory 
tracer-level experiments (no data are given in 
the report); however, over-all strontium recov- 
eries were lower than expected: the best was 50 
per cent. The recovered strontium contained no 
detectable barium, but the calcium-to-strontium 
ratio (on a mole basis) was 4tol. This concen- 
tration of calcium would limit capacity in the 
Hanford hot-cell ion-exchange purification op- 
eration to about 8000 to 9000 curies of Sr*® per 
run. 

A series of flow-sheet modifications were ex- 
plored to reduce the Sr* losses in the oxalate 
metathesis and product precipitation steps.*® 
Of a number of approaches tested, a carbonate 
metathesis proved to be quite satisfactory. Over- 
all strontium recovery was 85.3 per cent, and de- 
contamination factors from zirconium-niobium, 
ruthenium-rhodium, cerium, and yttrium were 
15, 242, 22, and 58, respectively. A combined 
5M sodium hydroxide—1M sodium carbonate 
metathesis was shown to be somewhat better 
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than carbonate alone. Strontium losses are still 
<1 per cent, but the bulk of the lead is also re- 
moved. This would be of particular advantage 
in an integrated flow sheet in which it was de- 
sired to recover cerium and/or promethium as 
well as strontium. 

For purification of the crude strontium prod- 
uct, an ion-exchange process has been developed 
(although it has not yet been tested with full- 
level feed) which will furnish a strontium better 
than 99 per cent pure.® The crude, containing 
strontium, calcium, barium, lead, iron, and 
residual cerium and rare earths, is loaded onto 
a Dowex 50 X-12 column. The absorbed band is 
then eluted with pH 8.8, 0.015M EDTA solution 
at 50 to 60°C. Dosage calculations and the best 
available resin exposure data indicate that resin 
degradation should not be a serious problem. 

As an interim method for the off-site shipment 
of the Sr® crude from Hanford to Oak Ridge, ad- 
sorption on a bedof inorganic ion-exchange resin 
contained in a shielded transfer tank appears to 
be feasible.**.** Decalso YG (an inorganic ion 
exhanger made by the Permutit Company) and 
Linde 4A Molecular Sieves were tested. Both 
adsorbents exhibited surprisingly high capacity 
for strontium. The Decalso YG loaded, at 50 per 
cent breakthrough, to about 50 g of strontium 
per liter of resin. This is equivalent to 4000 
curies of Sr® per liter of resin. The capacity 
of the Linde Molecular Sieves is even higher. 
The behavior of cerium on Decalso has also 
been determined since there is about 2 per cent 
cerium in the crude strontium. Cerium and the 
other rare earths were found to adsorb just as 
firmly as strontium. This implies that 2.2-Mev 
cerium gamma will control the amount of stron- 
tium which can be shipped in shielded transfer 
tanks. Heat transfer will also be a controlling 
factor. 

If the supernatant is pumped from the Purex 
waste-storage tank for cesium recovery, itis 
considered relatively easy to recover the tech- 
netium (which is also present) by ion exchange. 
Dowex 1, an anion resin, was found to adsorb 
over 99 per cent of the technetium.*' A micro- 
pilot-plant-scale ion-exchange run was per- 
formed with 100 ml of full-level Purex tank 
supernatant. The waste was filtered to remove 
suspended sludge and fed at 1.4 m1/(cm’)(min) 
to a nitrate-form Dowex 1 X-4 column. After 
passage of 50 column volumes (all the feed), 
98.5 per cent of the technetium had been ad- 
sorbed, and the instantaneous loss was still <10 


per cent of the feed concentration. The column 
was then washed with 0.1M nitric acidto remove 
carbonate and eluted with 8M nitric acid. The 
bulk of the technetium was readily eluted in 
about five column volumes with a peak concen- 
tration of over 2 g/gal. 


Other Literature 


A special session of invited papers on radio- 
active waste management and disposal was held 
at the 1960 Winter Meeting of the American Nu- 
clear Society* in San Francisco, Calif., on De- 
cember 12 to 15, 1960. Summaries of these 
papers are published in the Society’s Transac- 
tions. Topics covered include operations at 
ORNL, the Savannah River Plant, HAPO, and 
ICPP; the fixation of radioactive wastes in 
solids; and the disposal of radioactive wastes 
into deep geologic formations. 


The proceedings of the Monaco Conference 
(see the April 1960 issue of Reactor Fuel Proc- 
essing, Vol. 3, No. 2, page 40) on the disposal 
of radioactive wastes, held in November 1959, 
have been published in two volumes,” contain- 
ing some 70 papers and covering virtually 
every aspect of this subject. Several of the 
papers presented at this Conference have ap- 
peared as separate reports. *~* 


The report of the Sixth AEC Air Cleaning Con- 
ference,‘ held at Idaho Falls, Idaho, in July 1959, 
is now available. Topics covered include sum- 
maries of air-cleaning activities at the various 
AEC laboratories and contractor operations;. 
waste calcination off-gas studies; ruthenium ad- 
sorption on silica gel; problems associated with 
the testing, handling, storage, and installation 
of high-efficiency filters; adsorption of fission- 
product gases; and economic information. 


A bibliography“! on nuclear reactor fuel proc- 
essing and waste disposal is being prepared by 
ORNL. Volume 2 (Fission-Product, Poison, and 
Radioisotope Removal) has been issued. There 
will be eight main sections, as follows: 


1.0 Chemistry and Physics of Important 
Elements 

2.0 Fission-Product, Poison, and Radioiso- 
tope Removal 

3.0 Fissionable Material — Recovery 

4.0 Hazards and Protection 

5.0 Plants and Equipment 

6.0 Process Chemistry and Engineering 
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7.0 Surveys 

8.0 Waste Disposal 
The complete collection includes about 7000 
abstracts, nearly all from Nuclear Science 


Abstracts, representing books, bibliographies, 
symposia, journals, and contractors’ topical re- 
ports, The material dates from the 1955 Geneva 
Conference to October 1960. 

The text material used as a basis fora series 
of lectures on radioactive-waste disposal for 
the International Institute of Nuclear Science 
and Engineering at ANL has been compiled and 
issued as a report.” It covers such topics as 
the origin and management of wastes; the han- 
dling of gaseous, solid, and liquid wastes; and 
ultimate disposal. 

Inorganic ion-exchange materials that are 
very Stable to high radiation doses and to ele- 
vated temperatures have many possible nuclear 
energy applications. The preparation on a kilo- 
gram Scale and a Study of the properties of zir- 
conium phosphate, which has cation-exchange 
properties, are discussed in a United Kingdom 
report.*® At 300°C, zirconium phosphate was 
found to have a cation-exchange capacity of ap- 
proximately 1.6 meq/g. 
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PRODUCTION OF URANIUM, THORIUM, 


Vi PLUTONIUM, AND THEIR COMPOUNDS 





Uranium 


Uranium Trioxide Production 


The continuous pot denitration process for con- 
verting uranyl nitrate to uranium trioxide has 
been tested and evaluated in plant-scale opera- 
tion at NLCO. The process involves the con- 
tinuous introduction of uranyl nitrate into an 
agitated pot and simultaneous withdrawal of the 
oxide product.' The existing installation has 
been operated on a sustained basis at produc- 
tion rates averaging 550 lb of uranium trioxide 
per hour per unit, which is a significant im- 
provement over batch processing. However, 
variation in heat-transfer rates has resulted in 
variable production rates. Heat transfer occa- 
sionally decreases to the extent that the pro- 
duction rate’ declines to a level of 400 lb/hr. 

Operation of the continuous pot has occasion- 
ally been complicated by the unexpected pres- 
ence of crystals in the feed system. Investiga- 
tion has shown that the presence of ammonium 
nitrate in concentrated uranyl nitrate greatly 
influences the temperature at which crystals 
form.® The crystallization temperature is con- 
siderably elevated by the presence of ammonia 
in concentrations exceeding 15,000 ppm. Am- 
monium uranyl nitrate has properties distinctly 
different from those of uranyl nitrate. The fact 
that it decomposes without going through a dough 
stage, producing a chemically active orange 
oxide, makes it an interesting possibility as a 
feed to the denitration process. 


Uranium Tetrafluoride Production 


Fluid-Bed Operation. The production of ura- 
nium tetrafluoride from uranium dioxide is 
currently being carried out in screw-agitated 
reactors. Since fluid-bed reactors offer im- 
proved gas-solid contact and temperature con- 


trol, considerable attention has been directed 
toward employing fluid-bed reactors in the 
preparation of uranium tetrafluoride. Green 
salt has been produced using very small ex- 
cesses (5 to 10 per cent) of hydrogen fluoride 
in a five-stage reactor.‘ A pilot-scale fluid-bed 
hydrofluorinator employing an internal tapered 
mandrel has been briefly tested.° The tapered 
mandrel is used to provide a constant superficial 
gas velocity throughout the reactor. Provided 
that the gas velocity does not greatly exceed that 
required for incipient fluidization, a close ap- 
proach to piston flow of the solids may be 
achieved, The effect of this flow behavior is that 
adequate fluidization may be achieved without 
gross mixing of the fluidized particles. There- 
fore high production rates may be achieved in 
a Single tapered reactor; whereas several stages 
may be required in a reactor of conventional 
design. A description of the principles of fluidi- 
zation in a tapered column has been published 
with specific reference toward employing this 
technique in the fluid-bed conversion of uranium 
trioxide to uranium tetrafluoride.® 


Steady-state operation of a single-stage fluid- 
bed hydrofluorinator employing an internal 
tapered mandrel has produced uranium tetra- 
fluoride with an average assay of 90 per cent.° 
It has been impossible, however, to improve the 
operation so as to produce green salt of ac- 
ceptable purity with the single-stage unit. Owing 
to recurrent plugging in the top of the reactor, 
it was necessary to employ high fluidization-gas 
velocities which precluded any approach to piston 
flow in the bottom of the reactor. In a prelimi- 
nary run in the existing single-stage reactor, 
designed to simulate two-stage operation, aver- 
age product analyses as good as 96.7 per cent 
UF,, 0.7 per cent AOI (ammonium oxalate in- 
soluble content), and 2.6 per cent UO,F, were 
achieved. The two-stage fluid-bed hydrofluori- 
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nator incorporates a well-mixed first stage, 
and a second stage utilizes the tapered internal 
mandrel. Additional studies will be made on 
this two-stage concept. 


Recovery of Uranium Tetrafluoride from 
Scrap Materials, Uranium-bearing scrap ma- 
terial is now being processed at the Metals Re- 
covery Plant, Fernald, Ohio, to produce metal- 
grade uranium tetrafluoride by the Winlo 
process.’ The plant was converted to utilize 
this process in treating both low-grade (mag- 
nesium fluoride scrap) and high-grade (calcined 
uranyl ammonium phosphate or black oxide) 
wastes. 

Magnesium fluoride scrap is treated with a 
sulfuric acid solution, using manganese dioxide 
as an oxidant. The uranium is extracted from 
this solution into a 5 vol.% solution of amine in 
kerosene containing 2.5 vol.% primary decyl 
alcohol. The loaded organic is stripped with 
3N hydrochloric acid in one stage at anorganic- 
to-aqueous ratic. of 20 to 1. Copper sulfate and 
hydrofluoric acid are added tothe strip solution. 
The uranium is precipitated as UF, - */,H,O by 
heating the solution to 90°C and bubbling sulfur 
dioxide gas into the solution. The reactions in- 
volved in the precipitation step can be repre- 
sented by the following equations: 


2CuCl2- + SO, + 2H,O — 2CuCly + SO{” 
+ 4H* + 4C17 


2CuCly + 4HF + UO}* + 4Cl~- — UF, 
+ 2CuCli~ + 2H,O 


UO}* + SO, + 4HF — UF, + SOT + 4H* 


The reduction of hexavalent uranium to tetra- 
valent uranium is accomplished by the catalytic 
action of the cuprous chloride ion, whichis con- 
tinuously regenerated from the cupric chloride 
ion by the addition of sulfur dioxide during the 
precipitation step. The uranium tetrafluoride 
product is a high-density (3 g/cm*) material 
that is easily filtered. Copper is recoveredfrom 
the filtrate by plating onto scrap iron. 

Calcined uranyl ammonium phosphate and 
uranosic oxide (U,;0,) can be converted to 
uranium tetrafluoride by dissolution in hydro- 
chloric acid using nitric acid as an oxidant, 
followed by the Winlo process for precipitating 
hydrated uranium tetrafluoride. 

Dehydration to approximately 0.1 per cent 
water is readily accomplished by heating to 


440°C in a closed vessel. Hydrated green salt 
can be reduced by magnesium to give metal of 
acceptable quality if itis blended with production 
green salt prior to reduction. The preheat times 
were longer for the blended green salt than for 
production green salt. Dehydrated uranium tet- 
rafluoride alone can be reduced to give accept- 
able metal if it is ground to 20--size particles. 


Fluidized-Bed Coating of Uranium Dioxide 


The encapsulation of individual uranium di- 
oxide particles with either metal or ceramic 
coatings by fluidized-bed techniques has been 
demonstrated by workers at BMI. A description 
of the procedures used in coating uranium 
dioxide particles with various metals was de- 
scribed in an earlier Review.’ This technique 
has been extended to coating of particles with a 
layer of aluminum oxide.'® Process conditions 
were established in a Vycor reactor 30 mm in 
diameter with uranium dioxide particles ranging 
from 44 to 350 L. 

Aluminum oxide was successfully deposited on 
uranium dioxide by reacting a mixture of water 
vapor and aluminum chloride at a bed tempera- 
ture of 1000°C. Essentially stoichiometric quan- 
tities of aluminum chloride and water vapor 
were fed to the reactor. Hydrogen was used as 
the main fluidizing gas, primarily to avoid oxi- 
dation of the uranium dioxide during the initial 
phase of the coating operation. The rate of 
aluminum oxide deposition on a 100-g bed of 
uranium dioxide was about 3 g/hr. By increas- 
ing the concentration of reactants in the fluidiz- 
ing gas and increasing the bed temperature to 
1400°C, coating rates as high as 12 g/hr have 
been achieved. The fraction of alumina formed 
as coating on the particles ranged from 50 to 
75 per cent; the remainder appeared as en- 
trained dust. 

Uniform, dense alumina coatings about 5 to 
150 yp» thick were successfully obtained. The 
coated particles were resistant to nitric acid 
leaching, to oxidation in air at 1000°C, and to 
thermal cycling from 300 to 1370°C. Although 
the process conditions have not been optimized, 
it appears from a consideration of the pre- 
liminary work that a commercially feasible 
process of this type can be realized. 


Uranium Hexafluoride Production 


A complete compilation of data on the physi- 
cal properties of uranium hexafluoride has been 
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published with references to 150 sources.'' Items 
covered include (1) data on the thermodynamic 
properties and transport phenomena of uranium 
hexafluoride and (2) binary- and ternary-phase 
equilibrium systems. 

The production of uranium hexafluoride from 
uranium tetrafluoride by oxidation with dry air 
or oxygen in a continuous fluidized-bed reactor 
is under investigation at ORNL.” The oxidation 
proceeds according to the reaction 2UF, + O, — 
UF, + UO,F,. The uranyl fluoride by-product is 
recycled to the feed stream after reduction to 
uranium dioxide and hydrofluorination to ura- 
nium tetrafluoride. A description of the Fluorox 
process development work has appeared in an 
earlier Review.® 

One of the main reasons for investigating this 
process was the high cost of fluorine incurred 
in other methods for producing uranium hexa- 
fluoride. Fluorine costs become particularly 
significant when fluorine is used in small quan- 
tities. A cost study of the Fluorox process has 
been made to obtain an estimate of the manu- 
facturing cost for converting feed-materials- 
grade uranium tetrafluoride to cascade-grade 
uranium hexafluoride.'’ The estimate was made 
on a fully integrated facility, including uranyl 
fluoride recycle, and a purification step to re- 
move accumulated metal fluoride impurities 
from the process stream. The total manufactur- 
ing cost was reported to be $0.29 per pound of 
uranium processed for a plant with athroughput 
equivalent to 5000 tons of U,O; per year. The 
chemical cost was calculated to be $0.06 per 
pound of uranium processed. The chemical cost 
for converting uranium tetrafluoride touranium 
hexafluoride with fluorine has been estimated to 
be $0.09 per pound of uranium. The authors 
conclude that where there are existing facilities 
for uranium hexafluoride production by the use 
of fluorine, there does not appear to be justifica- 
tion for considering the Fluorox process as an 
alternative. The Fluorox process should receive 
consideration if a new facility is planned with a 
throughput <5000 tons of U,O, per year. 


Production of Uranium Metal 


from UF,-Source Uranium Tetrafluoride 


Ground magnesium fluoride has been the 
standard liner material in uranium metal pro- 
duction when the reduction charge contained 
uranium tetrafluoride produced by the hydro- 
fluorination of uranium dioxide. However, UF,- 


source uranium tetrafluoride must be reduced in 
electrolytically fused dolomite, a relatively ex- 
pensive liner material, because reductions in 
ground magnesium fluoride produce low yield 
and poor quality derbies. It was found that when 
moisture was added to either the magnesium 
fluoride liner or the green salt, successful re- 
ductions were achieved.’ Blending the UF;- 
source green Salt with hydrated uranium tetra- 
fluoride (Winlo process) proved to be an effec- 
tive method of adding moisture to the reduction 
charge. Average derby yields of 96 per cent 
were obtained with a blend containing 20 per 
cent Winlo green salt. Excellent derby yields 
were obtained when 1.0 per cent moisture was 
added to the slag liner. In no case was the hy- 
drogen level in the metal increased by the addi- 
tion of moisture either to the uranium tetra- 
fluoride or to the slag liner. 


Thorium 


Although no large-scale thorium production 
plants have been placed into operation, con- 
siderable knowledge and technology are avail- 
able if the need arises. Reference 13 summa- 
rizes some of the various processes that are 
capable of supplying high-purity thorium metal 
on a tonnage basis. Included in this survey are 
descriptions of four processes: (1) calcium re- 
duction of thorium oxide, (2) metallic reduction 
of thorium tetrachloride or thorium tetrafluoride 
in the presence of zinc, (3) electrolytic reduc- 
tion of the tetrachloride in a fused-salt bath, 
and (4) sodium amalgam reduction of thorium 
tetrachloride. Each process flow sheet is 
evaluated on the basis of costs and product 
specifications. 

The electrolysis of thorium tetrafluoride in a 
sodium chloride—potassium chloride eutecticis 
a principal method of thorium production in the 
U.S.S.R. A comprehensive study" of the elec- 
trolysis mechanism and the physicochemical 
properties of the electrolyte was undertaken to 
optimize the quality and yield of the thorium 
product. The electrolyte composition varied 
during the electrolysis because of chlorine 
evolution at the anode resulting in an accumula- 
tion of fluorides as NaF or KF in the electro- 
lyte. Owing to the production of these fluoride 
salts, some of the thorium fluoride became 
combined in complex compounds of the type 
(Na,K), Thy Fy +4. 
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On prolonged electrolysis the maximum yield 
of thorium metal was obtained only when the 
thorium concentration in the electrolyte ex- 
ceeded 40 to 45 wt.%. At lower concentrations 
the yield dropped sharply, and alkali metals 
were liberated at the cathode. When the volume 
concentration of current was increased from 10 
to 70 amp per kilogram of electrolyte (0.5 to 
= amp/cm? cathode current density), the metal 
yield was increased from 15 to 75 per cent, and 
the current efficiency was increased from 9 to 
56 per cent. The quality of the metal product 
was also improved by operating with a current 
density >1.5 amp/cm?*; the amount of fine powder 
formed at the cathode decreased from 75 to 
25 per cent of the total metal deposit. The opti- 
mum operating temperature was 680 to 700°C. 

Since the amount of electrolyte entrained in 
the cathode deposit amounted to 75 per cent of 
the metal weight, considerable thorium within 
the electrolyte was lost when the metal crystals 
were cleaned by awater wash. Therefore ameans 
of compacting the cathode deposit to decrease 
the quantity of electrolyte removed with the 
metal was developed.'® The result was a de- 
crease in the quantity of entrained electrolyte 
to 25 per cent of the metal weight and an in- 
crease in the over-all metal yield. The auto- 
matic compacting device involved pressing an 
auxiliary cathode onto the main rotating cathode. 
The dendritic crystals are firmly compacted 
and squeezed without dropping from the cathode. 

Under optimum conditions, coarsely crystal- 
line thorium metal was obtained with a metal 
yield of 75 per cent andacurrent yield of 56 per 
cent. Approximately 90 per cent of the coarse 
crystalline metal was —65 +325 mesh. The 
metal was >99.5 per cent pure, with the major 
impurities being oxygen and fluoride. The rare- 
earth content in the metal was significantly re- 
duced from the original concentration in the 
starting thorium fluoride. 


Plutonium 


Preparation of Plutonium Chloride 
and Reduction to Metal 


The main objection to the use of plutonium 
fluoride in plutonium metal preparation is the 
high neutron density resulting from intense 
alpha radiation of the fluorine atoms. By using a 
halogen of higher atomic number, the neutron 
exposure would be reduced more than by any 


reasonable shielding. Therefore a process was 
developed at HAPO" which involved the con- 
tinuous chlorination of plutonium dioxide by 
phosgene, followed by the bomb reduction of 
plutonium trichloride to metal with calcium. 

Plutonium oxalate hexahydrate was prepared 
by reacting a 1M solution of plutonium nitrate 
with a solution containing 1M oxalic acid and 
0.25M hydrogen peroxide. The peroxide served 
to convert the plutonium to the tetravalent state. 
The oxalate precipitation was conducted in a 
4-in.-diameter vessel equipped with an air- 
driven stirrer to prevent settling of the pre- 
cipitate. The optimum conditions of the oxalate 
preparation required a 0.1M excess of oxalic 
acid in the supernatant stream. The free nitric 
acid concentration in the plutonium nitrate 
stream was 3.5M to5M. If these conditions were 
not maintained, the precipitate would not filter 
readily, and the plutonium losses would exceed 
the values of 2 to5per centusually experienced. 

The wet oxalate was converted to plutonium 
dioxide by calcining at 250 to 350°C in a screw 
reactor. The oxide preparation was stopped 
short of conversion to stoichiometric plutonium 
dioxide in order to ensure the production of 
a free-flowing powder that would be readily 
chlorinated. 

Several chlorinating agents (hydrogen and 
hydrogen chloride, carbon tetrachloride, and 
chlorine —carbon monoxide mixture) were evalu- 
ated, and all were found to be less reactive 
than phosgene. The use of phosgene permitted a 
choice of a 100°C lower temperature for an 
equivalent reaction rate or a higher chlorina- 
tion rate at the same temperature as the other 
reactants. 

The chlorination was conducted in a vibrating- 
tube reactor with a 4° slope. Plutonium dioxide 
was fed to the upper end of the reactor at a rate 
of 250 g/hr. Phosgene gas, preheated to 200°C, 
entered at both ends of the tube at a rate of 
6 moles per mole of plutonium dioxide. As the 
oxide powder vibrated down the tube, it was 
heated during a 40-in. path to temperatures 
rising to 500°C. The average residence time in 
the chlorinator was 35 min: The conversion to 
plutonium trichloride was consistently 98 per 
cent. 

The plutonium trichloride was reduced to 
metal in a magnesia crucible by reaction with 
calcium. Iodine was used as a booster. Firing 
was initiated by heating in an induction coil 
until the bomb skin temperature reached 700°C. 
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The metal was prepared in batches ranging 
from 30 to 1400 g, with yields averaging 98 per 
cent. Impurities in the metal usually totaled 
<0.2 per cent. 


It was found that the presence of moisture 
in the plutonium trichloride up to 0.5 per cent 
would not affect the reduction operation. Good 
mixing of the reduction charge was not neces- 
sary if the plutonium trichloride were on top. 


A comparison of the neutron radiation from 
plutonium fluoride and plutonium trichloride 
showed that the neutron radiation from the fluo- 
ride was 64 times that of plutonium trichloride. 


Recent Review Publications 


Reference 17 contains a two-volume treatise 
on the chemistry, purification, and metallurgy 
of plutonium. The books present the details of 
the research concerned with the preparation of 
high-purity plutonium during the years 1940 to 
1944, Of historical interest is the fact that initial 
work was done with tracer quantities of material 
and that chemical plants were designed and con- 
structed on the basis of results of experiments 
with only micrograms of plutonium. 


A collection of papers on the extractive and 
physical metallurgy of plutonium, presented at 
the 1959 Annual Meeting of the American In- 
stitute of Mining, Metallurgical, and Petroleum 
Engineers, has been published.'® Most of the 
papers are review articles on the following 
selected topics: methods for the preparation 
of plutonium metal'®¢; calcium reduction'®?; 
solvent-extraction separation of plutonium'®¢; 
and preparation of plutonium halides'®*?. A 
comprehensive annotated bibliography on all 
aspects of plutonium technology by Wilkinson'® 
has been included. In addition, there are eight 
papers on the physical metallurgy of plutonium 
metal and alloys. 


Grenoble Plutonium Metallurgy Conference 


In April 1960 the Plutonium Metallurgy Con- 
ference was held in Grenoble, France. The 
proceedings of the conference, which are sched- 
uled to be published soon, should provide an 
excellent source of information on plutonium. 
Most of the papers presented at this interna- 
tional conference were devoted to the physical 
metallurgy of plutonium metal and alloys and 
have been reviewed elsewhere.'’® A paper de- 


scribing the historical development of the cal- 
cium reduction process for the preparation of 
plutonium metal from a halide was presented.”° 
The processes described were developed at Los 
Alamos Scientific Laboratory during the years 
1943 to 1946. The methods and equipment used 
to prepare metal of greater than 99 wt.% purity 
on a l- to 500-g scale from either plutonium 
trichloride or plutonium tetrafluoride were 
described in considerable detail. 


Plutonium metal of high purity has been pre- 
pared at ANL by fused-salt electrolysis using 
plutonium anodes containing 1000 to 4000 ppm 
impurities.”! The electrolyte was 7 mole % plu- 
tonium tetrafluoride in a LiCl-KCl eutectic 
mixture. The electrolyses were carried out in 
Hastelloy C and Vycor cells at 400 to 470°C with 
molybdenum and tantalum cathodes. Impure 
plutonium metal was cast under vacuum into 
anodes '/, in. in diameter and 4 in. long. The 
applied potential ranged from 0.16 volt to 2 volts, 
and initial current density ranged from 0.6 to 
8.3 amp per square centimeter of anode area. 
Purified plutonium (65 ppm impurities) collected 
at the cathode in solid crystalline deposits. 
Metal buttons were collected by melting the 
cathode deposits in molten LiCl-KCl or NaCl- 
KCl eutectic at 700°C. Over-all recoveries of 
60 per cent were achieved in the electrolysis 
runs. 


There was no significant difference between 
the metal deposited in the delta or delta-prime 
phases. Plutonium that was deposited under 
conditions of low current density was slightly 
more contaminated than metal deposited with 
high current density. The use of the NaCl-KCl 
eutectic as a meltdown salt for the preparation 
of metal buttons is beneficial since the salt 
seems to reduce contamination of certain metal 
impurities, which is not done in the LiCl-KCl 
system. 


High-purity plutonium prepared by bomb re- 
duction contains at least 300 ppm impurities, 
whereas the electrolytic metal contained only 
65 ppm analyzed impurities. The major re- 
maining impurities were hydrogen, carbon, 
oxygen, and uranium. The purity of the metal 
prepared by collecting the metal as a solid 
cathode deposit was definitely superior to the 
metal obtained by an electrorefining process 
utilizing a molten cathode described in the 
previous issue of Reactor Fuel Processing. 
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